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1.  GAS  INDUSTRY 

Canadian  Gat 

Ralph.  H.  D.  CANADA  GAS  LINE  NEARER. 
Oil  Gas  J.,  51,  85,  86  (1952)  October  20. 

•Now  that  Westcoa-st  Tran.smi.ssion  Co.,  Ltd. 
hu.s  the  full  approval  of  all  ('anadian  authori¬ 
ties  concerned  and  ha.s  proof  of  adetiuate  re¬ 
serves  to  support  its  pipeline,  it  is  expected  to 
ask  for  immediate  resumption  of  hearings  be¬ 
fore  the  F'ederal  Power  Commission  to  construct 
a  natural-gas  pipeline  from  Northern  Alberta 
and  British  Columbia  to  V'ancouver,  B.  C.,  Seat¬ 
tle  and  other  Washington  cities.  I).  C.  Garni 

Explosion  Liability 

Parker,  L.  T.  EXPLOSION  LIABILITIES 
SUGGEST  PRECAUTIONS  FOR  UTILITIES. 
Am.  Gas  J.,  177,  18-19  (1952)  Octol)er  1. 

Court  ca.ses  are  cited  to  indicate  to  what  de¬ 
gree  and  under  what  circum.stances  gas  utilities 
are  liable  for  gas  explosions.  Suggested  precau¬ 
tions  for  avoiding  liability  are  given. 

E.  J.  Pyrcioch 

Gas  Costs  and  Prices 

GAS  INDUSTRY  FEELS  PRICE  PINCH. 
World  Oil.  135,  83-86  (1952)  October. 

The  gas  indu.stry  as  a  whole  is  feeling  painfully 
the  impact  of  higher  wages,  higher  costs  of  ma¬ 
terial  and  higher  taxes.  It  is  necessary  to  in¬ 
crease  gas  rates  to  earn  a  fair  return  and  to 
operate  on  a  .sound  economic  basis.  D  C.  Garni 

Gas  Industry  Research 

Bennett,  C.  E.  GAS  FACES  ITS  GREATEST 
CHALLENGE.  Am.  Gas  Assoc.  Monthly,  34. 
2-4  (1952)  November:  Gas  Aye,  110,  39-44,  102 
(1952)  November  20. 

An  abridged  version  is  given  of  the  adtlress  to 
the  opening  .session  of  the  1952  AGA  Conven¬ 
tion  by  the  president  of  AGA.  He  outlines  the 
pattern  of  the  Gas  Indu.stry’s  phenomenal 
growth,  and  its  needs  to  assure  continue<l 
growth.  He  stres.ses  the  need  for  a  greatly  ex¬ 
panded  research  program  under  the  PAR  Plan. 
At  pre.sent  only  $700,000  is  allocated  to  re- 
.search;  that  is  one-fifth  of  one  percent  of  the 
gas  industry  net  revenue  for  1951.  He  believes 
this  budget  .should  lx?  materially  increased. 

A.  E.  Neumann 


Zachry,  C.  H.  RESEARCH  PATTERN  FOR 
PROGRESS.  A»i.  Gas  Assoc.  .Monthly,  34,  13, 
14.  46.  47  (1952),  October. 

After  defining  research  the  author  discusses 
general  asiH?cts  of  industrial  research  such  as 
risk  in  re.search.  desirability  of  fundamental  re¬ 
search.  and  methods  of  carrying  out  research, 
i.  e.  in  company  laboratories,  by  re.search  agen¬ 
cies,  or  by  cooperative  research  with  others. 
The  advantages  of  cooperative  re.search  for  the 
gas  industry  are  stressed.  Next  the  research 
program  sponsored  by  the  Technical  and  Re¬ 
.search  Committee  of  the  Natural  Gas  Depart¬ 
ment  of  the  A.G.A.  under  the  PAR  plan  is  brief¬ 
ly  outlined.  The  budget  for  this  program  is 
$88,500  for  the  current  year  and  only  61  |H>r- 
cent  has  been  sub-scribed.  It  is  8tres.sed  that 
this  is  a  minute  sum  compared  to  the  revenues 
of  the  pit)eline  companies,  and  it  is  sugge.sted 
that  consideration  be  given  to  increased  sup- 
l)ort  of  the  research  program.  ().  T.  Bloomer 

GAS  RESEARCH  NEEDED.  Oil  Gas  J..  51, 
73-74  (1952)  Novembers. 

This  article  summarizes  several  papers  from 
the  recent  AGA  convention.  Although  natural 
gas  reserves  indicate  a  supply  for  some  years 
to  come,  one  paper  holds  that  the  industry 
should  siwnsor  studies  on  coal  gasification  with 
a  view  toward  the  time  when  the  natural  gas 
supply  becomes  inadequate.  In  a  second  pa|)er 
the  growth  and  economic  attraction  of  the  jx*- 
trochemical  indu.stry  is  reviewed.  J.  1).  Parent 

Fuel  Research 

Hinshelwood,  ('.  N.  and  Parker,  A.  FUEL  RE- 
'  SEARCH  1951 :  REPORT  OF  THE  FUEL  RE- 
SE.ARCH  BOARD.  Dept,  of  Scientific  and  In- 
du.strial  Re.search  (H.M.S.O.,  London,  19.52). 

Re.search  programs  under  way  during  the  year 
are  reviewed.  Weakly-caking  coals  have  been 
succe.ssfully  blended  for  coke  manufacture. 
Water  gas  has  been  produced  by  the  fiuidizeil 
.solids  technique  on  a  small  pilot-plant  scale.  A 
slagging  cyclone  generator  has  been  built  for 
suspension  gasification  of  coke  breeze.  Exten¬ 
sive  studies  of  the  Fischer-Tropsch  process  are 
outlined,  including  properties  and  fiuidization 
of  cataly.sts,  reaction-mechanism  and  properties 
of  petroleum  residuals.  Work  on  physico-chem¬ 
ical  techniques,  boilers  and  steam-raising,  sul- 
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fur  rt-rnoval  from  waste  gas,  gas  turbines,  do- 
mestic  heatiMK.  and  air  iM)Ilutiun  is  discussed. 
Kxtension  of  the  library,  intelliKence,  abstract 
atid  publicitv  .s«  rvices  is  reisjrted.  A  list  of  2d 
l>ubluulions  is  tfi'eii.  ().  I*.  Mryscli 

Pipe  Line  Account* 

lider.stiit*’  (  omrnerce  (’ommission  I’NIFOR.M 
.SVSTKM  OF  A(  ( Ol'NTS  FOK  IMFK  IdNK 
('O.MPANIKS  ( pp.  4H  iv,  (M’.O.)  l.ssue  of 
l*.>.j2,  revis«‘<l  to  July  1,  11)52. 

This  manual  explains  in  iletail  the  uniform  sys¬ 
tem  of  accounts  for  pi|K‘line  companies  pre- 
■scrdted  by  the  Interstate  rommerce  Commis¬ 
sion  in  accordance  with  section  2d  of  the  I.C.C. 
act.  J.  I).  Parent 

Stale  Regulations 

Jones,  I!.  STATK  l-KtIISI.ATUUKS*  A<  TION 
ON  I'TIMTY  LAWS.  /'«)»/«>  L'tilitus  Fortn., 
.'id.  No.  H,  tSfi-  JSy  (iy.52)  October  9. 

New  trends  in  vtas  industry  regulation  are  ilis- 
cu.s.sed.  Kxtension  of  the  upward  trend  in  rates 
will  !>»•  accompanied  by  increa.sed  pre.ssure  for 
more  stringent  state  regulation.  The  few  state 
legislatures  which  met  during  this  year  devoted 
considerable  attention  to  natural  Kas.  In  New 
KiiKlaiid.  New  York  and  New  Jersey,  pijie  line 
safety  sfandarils  were  a  primary  concern;  re¬ 
storing  land  to  its  ‘‘oriKinal  condition”  after 
the  layiiiK  of  pi|K!  lim's  was  the  objective  of 
Kentucky  and  .Ma.ssachusetts  legislation;  Illi¬ 
nois  and  Nebraska  aiiproved  underKround  stor¬ 
age.  Developments  in  several  states  extended 
the  trend  toward  broader  rejrulation  of  liquefied 
is-lroleum  jras  sales.  A.  K.  Neumann 


2.  APPLIANCES 


Gas  Burners 

(  oiinors,  J.  D.  COMHCSTION  FOKC.ASCON- 
VF.KSION  HUKNKRS.  Htatinii  Viiitilatimi, 
Id.  M-Xl  I  l'.).V2)  OctolH«r. 

Discussion  is  Ktven  of  the  intlueiice  of  various 
di‘sit;n  and  installation  factors  on  the  projH-r 
combustion  of  gas  for  greatest  heating  elli- 
cieiicy.  Data  are  included  for  guidance  in  the 
selection  of  the  proja-r  tyja*  of  )fi‘s  conversion 
burner  .Author’s  Abstract 


Gas  Burners 

Dow  lie,  K.  R.  (assiKiied  to  A.  Olsen  Manu- 
facturiiiK  Co.)  FLAME  RETAINING  AT- 
•MOSPIIERIC  GAS  BURNER.  U  S  2,610,675 
(1952)  Sejitemlier  16. 

A  tlame-retainiiiK  Kas  Irurner  is  described. 

E.  F.  SeariKht 

Taylor,  R.  S.  (a-ssigned  to  Servel,  Inc.)  GAS 
RANGFL  U.S.  2,611,358  (1952)  Sejitember  23. 

A  gas  range  with  provisions  for  venting  the  top 
burners  is  described.  PL  p".  Searight 

Ignition 

P'.skin,  S.  G.  (a.ssiKned  to  Rola'rtshaw-P'ulton 
Controls  Co.)  ELPM  TRIC  IGNITION  AND 
AUTOMATIC  PILOT  FOR  GASEOUS  FUEL 
BURNERS.  ILS.  2,614,622  (19.52)  Octolier  21 

An  electric  ignition  sy.stem  for  gas  burners  is 
described.  PL  PL  Searight 

3.  COMBUSTION  AND 
INDUSTRIAL  FURNACES 

Carburizing 

G.AS  ('ARBURIZING.  Ind.  Fiuinhinfi  ( Brit- 
i.sh),  5,217-219  (19.52)  Octolier. 

A  pnaess  for  preparing  town  gas  for  use  in  gas 
carburizing  is  discu.ssed.  PL  PL  Searight 

Gas  Turbines 

Burris,  R.  PL  and  Hatch,  B.  G.  HOW  G.  PL 
TESTS  GAS  TURBINES.  Power  Kmj.,  .56, 
62-65  (1952)  October. 

An  account  is  given  of  the  procedures  and  the 
facilities  required  for  testing  gas  turbines  be¬ 
fore  they  are  shipped  to  the  purcha.ser.  This 
reduces  the  shakedown  jiericHl  for  testing  and 
adju.stments  on  the  purcha.sers  installation  but 
requires  a  large  investment  in  the  manufac¬ 
turers  test-.stand  facilities.  p].  J.  Pyrcioch 

Hague,  F.  T.  THE  PATTERN  OF  GAS-TUR¬ 
BINE  DEVELOPMENT  IN  EUROPE  AND 
THE  UNITED  STATES.  Mech.  Ktig..  74.  627- 
(i.T2  (1952)  .Augu.st. 

.A  review  of  gas-turbine  development  in  Swit¬ 
zerland,  PLigland,  and  the  United  States  since 
the  late  thirties  is  given.  Recent  work  on  gas- 
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turbine  power  Keiieruting  uniU,  marine  plant.H 
and  aviation  turbines  is  described.  A  discussion 
on  the  use  of  residual-oil  and  natural  kss  as  fuel 
for  ga.s  turbines  is  presented.  The  largest  coal¬ 
burning  gas-turbine  research  project  covers  the 
development  of  a  plant  for  locomotive  use.  Only 
one  gas  turbine  fur  pumping  natural  gas 
through  pii>e  lines  has  been  in  actual  extendeil 
oiH'ration  although  a  large  number  have  been 
sold  for  this  purpose.  K.  J.  Pyrcioch 

Submersible  Burner 

Swindin,  N.  SUBMERSIBLK  Bl’KNEK.  U.S. 
2.611,362  (1952)  September  23. 

A  submersion  burner  for  use  in  pickling  of 
iron  and  steel  is  descriU'd.  E.  F.  Searight 

4.  CARBONIZATION  AND 
GASIFICATION 
Butane-Air  Gas 

Cosby.  W.  T.  THE  USE  OF  BUTANE  IN 
SMALL  GAS  WORKS.  Gns  World.  S6.  703-709 
(1952)  September  20. 

A  comprehensive  description  of  equipment  and 
installations  of  a  standard  butane-air  plant  in 
a  typical  English  town  is  given.  A  short  anal¬ 
ysis  of  combustion  profR-rties  and  appliance 
conversion  for  the  butane-air  system  is  in¬ 
cluded.  W.  G.  Bair 

Coal  Cleaning 

Needham.  L.  W.  THE  CLEANING  OF  SMALL 
COAL — 11.  Gas  World  (Briti.sh),  86,  Coking 
Section,  39-46  (1952)  Septem))er  6. 

Jigs,  trough  wa.shers  and  the  Dutch  cyclone  are 
discus.sed  in  some  detail.  Jig  washers  of  the 
Baum  type  are  used  to  a  major  e.xtent  in  Britain 
for  cleaning  coking  coal  slacks.  The  influence 
of  the  size  of  particle  u|H)n  the  siRcific  gravity 
of  separation  (for  50%  yield),  and  therefore 
upon  the  performance  of  jigs  and  troughs,  is 
explained.  High  middlings  content  requires  this 
specific  gravity  to  be  kept  low.  SiHJcially  de¬ 
signed  jigs,  and  separation  of  slack  into  2  size 
fractions  have  been  successful  with  high- 
middlings  coals.  Ground  shale  or  magnetite 
suspensions  in  the  cyclone  wa.sher  have  been 
useful  for  small  coal  down  to  0.5  mm.,  but 
require  complicated  apparatus  for  reclaiming 
the  medium.  For  finer  coal  particles  the  flota¬ 
tion  process  is  attractive.  Dewatering  of  the 


cleaned  coal  is  about  as  important  as  cleaning, 
and  methcMis  and  costs  are  discu.ssed.  (See  Gas 
Abs.  8.  208  (1952)  November  for  Part  I). 

O.  P.  Brysch 

Coal  Froo-Swolling  Indox 

Shotts,  R.  Q.  INFLUENCE  OF  CERTAIN  IN¬ 
ORGANIC  MATTER.  FUSAIN  AND  “DULL" 
COAL  ON  THE  FREE  SWELLING  INDE.X 
OF  COAL.  Furl  (Briti.sh)  31.448-461  (1952) 
October. 

The  effects  on  the  free  swelling  index  of  several 
coal.s,  of  dilution  with  varying  quantities  of 
high  density  fractions  of  the  coal.s,  quartz,  shale, 
ignited  shale,  fu.sain,  vanadium  pentoxide,  am¬ 
monium  chloride  and  boron  oxitle  are  studie<l. 
Inorganic  diluents  had  little  efft*ct,  up  to  30  |)er 
cent  inorganic  matter.  Organic  materials  de¬ 
creased  free  swelling  somewhat  more  rapidly, 
fusain-rich  du.st  being  the  mo.st  effective  sub¬ 
stance  tried.  Moderate  quantities  of  vanadium 
t)entoxide  and  ammonium  chloride  had  little  ef¬ 
fect  upon  strongly  swelling  coals  but  reduced 
noticeably  the  swelling  of  coals  having  lower 
indexes.  Boron  oxide  lowered  free  swelling  ef¬ 
fectively,  even  for  strongly  swelling  coals.  No 
evidence  was  found  that  the  gro.ss  quantity  of 
volatile  matter  in  the  mixtures  greatly  affectetl 
swelling.  Author’s  Abstract 

Coal  Oxidation  Chemistry 

Franke,  N.  W.,  Kiebler,  M.  W.,  Ruof,  C.  IL, 
Savich,  T.  R.,  and  Howard,  H.  C.  WATER- 
SOLUBLE  POLYCARBOXYLIC  ACIDS  BY 
OXIDATION  OF  COAL.  hid.  Fug.  Chein..  44, 
2784-2792  (1952)  Novemlwr. 

A  review  is  given  of  the  Carnegie  Coal  Research 
I.aboratory  work  on  oxidation  of  coals  to  or¬ 
ganic  acids,  with  special  emphasis  on  opera¬ 
tions  of  a  25-gal.  pilot  plant.  Pocahontas  coal 
and  500®  coke  were  found  to  give  highest  yields 
of  organic  acids  (50‘’o).  Fifteen-lb.  charges  of 
-100  mesh  coal  in  .strong  sodium  hydroxide  solu¬ 
tion  were  oxidizecl  at  270®  and  900  psig  with 
oxygen  gas.  Nature  and  yields  of  products  and 
their  possible  uses  are  treated  in  .some  detail. 
AlK)ut  one-third  of  the  acid  yield  is  a  benzene- 
carboxylic  acid  fraction,  useful  in  plasticizers, 
resins,  lubricants,  metal  cleaners  or  emulsion 
breakers,  largely  as  a  replacement  for  phthalic 
acid.  Commercialization  costs  for  the  process 
are  discussed.  ().  P.  Brysch 
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Coal  Pyrolysis 

I’n.n.  r  H  I'VHOLYSIS  OK  COAI.  AND 
II  A1,K.  I  ml.  Kmj.  f’him.,  44.  2064-2<»72  ( 11>52) 

.'■ilittnilK-r 

r;i|»or.H  oil  roal  pyrolyHia  tluriiiK  thf  )>a»t  yt-ar 
have  iiu  luilfd  iliiH'U.HMioiiM  of  tht'  colloidal  struc- 
lun-  ot  coal.  nicchaiii.Hm  of  .iwcIliiiK.  function  of 
lh«'  I  olar  atoms  iircHcnt.  and  the  kinetics  of  de- 
I  oiM|io.sition.  'I  he  preparation  of  suitable  blends 
lor  the  oven  and  the  effect  of  pulverization  on 
(okiiiK  have  Iss-n  noted.  F’luidized  lied  cokinjr 
ami  unilerKround  electrocarbonization  are  de- 
Mr  i  bed.  as  is  also  pyndjsis  by  dielectric  m<ans. 
<'atal>li(  action  of  sodium  comimunds  durinK 
lo\v-tem|ierature  carbonization  and  a  rapid 
M-micokinK  pnaess  employing  sujK'rheate  I 
"team  are  mentioned.  The  sulwtitution  of  cal¬ 
cium  sulfate  for  acid  in  ammonia  recovery  i.s 
proposed,  as  is  ethylene  recovery  by  selective 
solvent  ab.sorption.  .New  met  heals  of  analysis 
f<ir  phosphorus  have  lasui  devised.  I'ndcr- 
>jround  Kusification  with  oxyRen  has  Ihhui  sug- 
pested  as  a  substitute  for  the  Ljungstrom  elec- 
t  rtH'arlsinization  of  shale  in  Sweden.  Little  new 
research  on  th»-  fundamental  chemical  nature  of 
ke-rogiui  has  Iwen  publish»-d.  A  fluidized  vacuum- 
retorting  study,  re.search  on  low-tennH-rature 
de|  iilymerization  in  the  presence  of  solvents, 
and  an  excell«-nt  pa|H‘r  on  the  role  of  nitrogen 
in  shale-oil  hydriK-arlsin  formation  have  lieen 
reporti-d.  three-stage  tluidization  process  of 
retorting  has  Ins-n  patented.  Hydrogenation 
studies  on  Colorado  shale  oil  have  lM*en  coni- 
pleteil.  \  survey  of  methods  of  nitrogen  deter¬ 
mination  in  shale  oil  fractions  has  been  con¬ 
ducted  Author’s  Abstract 

Coke  Oven  Machinery 

l.avely.  I*.  11.  (assigned  to  KopjM-r.s  Company. 
Inc.i  I’l’SlIKH  MACniNK  WITH  ARTICU- 
l.ATKD  ITSIIKU  HAK.  I'.S.  2.r>0‘>.;Mt<  (19521 
Septends-r  9. 

.\n  improvtsl  coke-oven  pusher  ram  is  claimed, 
in  which  the  length  of  the  ram  is  reducr'd  by  a 
binged  joint,  automatically  actuated  when  the 
ram  is  retract»*d.  ().  I’.  Brysch 

l.avrly.  IV  H  (assignetl  to  Koppers  Co.,  Inc.) 
LKVKl.KB  BAK  AND  RKCIBKOCABLK 
I'RA.MK.  I’.S.  2.609.949  (1952)  Septemlier  9. 

.\n  improvement  in  coke-oven  charge  levelers 
IS  shown  in  which  the  supjMirting  Iwaring  struc¬ 


ture  for  the  reciprocating  leveler-bar  can  lx- 
moved  forward  to  a  point  near  the  leveling-door, 
to  provide  increa.seil  stability  and  control  for 
the  bar.  O.  P.  Brysch 

Experimental  Oven 

Cayle.  J.  B.  and  Auvil,  H.  S.  DKVKLOP.MKNT 
OF  NKW  EXPKRI.MKNTAL  COKE  OVEN. 
l'..S.  Bureau  Mines  Report  of  Inve.stigations 
192;{  (1952)  Octolxr. 

This  report  de.scrilx;s  in  detail  the  “Tu.scaloosa  ’ 
te.st-oven,  designed  to  duplicate  commercial  slot- 
oven  conditions.  The  unit  is  17  in.  wide,  .10  in. 
long  and  18  in.  high  with  4'j  in.  silica-brick 
walls  and  zoned  heat  input  (Cilobars).  A  sih- 
(lended  wall  is  held  against  the  chamlxr  struc¬ 
ture  by  2  top  and  2  bottom  tie-tulM\s,  each  carry¬ 
ing  a  ring-type,  accordion-pleated  hydraulic- 
gland  which  lx*ars  again.st  a  bracket  on  the 
moveable  wall.  Each  gland  registers  on  a  Bour¬ 
don  gage,  the  four  iiermitting  tc'.sts  up  to  pre.s- 
sures  of  10  psi.  Vertically-moveable  d(M)rs  per¬ 
mit  mechanical  pu.shing  of  charge;  coal  prep¬ 
aration,  storage  and  charging  equipment  are 
(irovided.  Operating  results  of  2  years  are  dis- 
cus.sed.  Standby  temperatures  of  1500  F\  re¬ 
quire  17  kwh  hr  and  operating  temperatures  of 
2600  F'.  reijuire  47  kwh /hr;  a  65-kva  trans¬ 

former  sutlices  to  supply  the  3  (bottom,  top  and 
middle)  horizontal  (Ilobar  groups  of  each  wall, 
and  the  4  separate  vertical  Globars  at  each  cor¬ 
ner.  No  ditliculty  has  been  encountered  with 
the  silica  brick.  Duplicate  oven  te.sts  gave  coke 
with  closely-agreeing  properties.  AI.so  the  test- 
oven  coke  was  in  agreement  with  commercial 
oven  coke  in  .shatter,  tumbler  and  sp.  gr.,  but 
on  .screen-tests,  the  former  is  larger.  Research 
on  coking  time,  pressures,  temperature  progres¬ 
sion,  coal  moisture  and  test-apparatus  compari¬ 
sons  are  planned.  O.  P.  Bry.sch 

Germanium  Content 

Aubrey.  K.  V.  GERMANIUM  IN  BRITISH 
COALS.  Fuel  (Briti.sh)  31.  429-437  (1952) 
( Ictober. 

The  germanium  contents  of  some  200  British 
coals  from  all  the  main  coalfields  have  been  de¬ 
termined  by  spectrographic  analysis  of  the 
ashes.  The  average  germanium  content  of  the.se 
coals,  about  7  ppm.  is  of  the  .same  order  as  the 
content  of  most  .sedimentary  rocks.  Apart  from 
the  coals  derivtnl  from  the  South  Wales  coalfield 
tending  to  have  low  germanium  contents,  there 
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IS  no  evidence  of  a  marked  reKional  variation  in 
averaKc  Rermanium  content.  The  bulk  of  the 
Rermanium  in  British  coaKs  ap{>eara  to  be  pres¬ 
ent  in  intimate  association  with  the  orRanic 
matter  of  the  coal  rather  than  with  the  adven¬ 
titious  mineral  matter.  Author’s  Abstract 

Humic  Acid  Research 

Polansky,  T.  S.  and  Kinney,  C.  R.  MOLP^CU- 
LAR  WKIGHTS  OF  HUMIC  ACIDS  I’RE- 
PARKI)  FROM  NITRIC  ACID  TRP^ATPH) 
BITUMINOUS  COAL.  Fuel  (British)  .11.40!)- 
Ii:{  (1952)  October. 

Nitric  acid-treated  coal  extracted  by  90‘  „  ace¬ 
tone  Rave  a  yield  of  85.1'  „  of  humic  acids  which 
represented  70.7"„  of  the  C  of  the  oriRinal  coal. 
Cryo.scopic  molecular  weiRht  studies  usiiiR 
catechol  and  acetamide  as  solvents  Rave  cor¬ 
rected  values  of  279  and  642  respectively.  With 
ilry  acetone  and  with  dioxan-water  azeotrope. 
584  and  285  were  obtained.  The  variability  in¬ 
dicates  that  strongly  associated  substances  are 
present,  and  since  catechol  and  dioxan-water 
results  show  dissociation  to  le.ss  than  twice  the 
equivalent  weight  of  these  acids,  at  least  .some 
of  the  molecules  therefore  are  monobasic.  The 
strong  as.sociatinR  forces  may  lie  explained  by 
the  presence  of  nuclear  structure  similar  to  the 
carlsm  .structures  in  carbon  blacks. 

O.  P.  Bry.sch 

Plant  Waste  Treatment 

Biehl,  .1.  A.  CUT  PHP:N0LS  IN  WASTE  BV 
99.9',  Petroleum  ProceitKiufj,  7,  14.‘I5-14.‘I7 
(1952)  October. 

This  article  claims  the  development  of  a  priK- 
ess  to  reduce  the  concentration  of  phenol  in 
aqutHius  .solutions  from  290  ppm.  to  0.2  ppm. 
No  full-scale  unit  has  yet  lieen  built  although 
the  Mow  diagram  for  a  proposed  unit  is  given. 
LalM)ratory  data  are  reiK)rted.  Graphs  are  pr»-- 
.sented,  showing  the  .solubilities  of  the  solvent 
constituents  in  water  versus  tem|jerature.  and 
' phenol  removeil  versus  "i  aromatics  in  solv¬ 
ent  with  parameters  of  .solvent-to-waste  ratios. 
-As  ex|jected,  the  phenol  removed  increa.sed 
as  the  ratio  of  solvent-to-waste  increased  and  as 
the  ",  aromatics  in  the  solvent  increa.sed.  How¬ 
ever.  practical  considerations  regarding  solvent 
regeneration  and  .solvent  loss  limit  the  inde¬ 
pendence  of  these  variables.  .1.  I.  Wrozina 
Cw.  R.  H.  BENCH-SUALE  METHOD  P'OR 
TREATING  WASTE  BY  ACTIVATED 


SLUDGE.  Petroleum  Processinij,  7.  1128-1132 
(1952)  August. 

This  article  di.scu.sses  the  action  of  activateil 
sludge  in  a  continuou.s  bench-.scale  set-up  on 
the  elimination  of  refinery  effluent  contamina¬ 
tion.  The  following  factors  were  varied  and 
the  results  noted:  the  pH  of  the  feed  stc>ck,  the 
amounts  of  phenols,  .salts,  solid  material,  and 
sulfides  in  the  feed  stock.  The  aeration  time 
was  varied,  as  was  the  residence  time.  Two  ta¬ 
bles  art*  pre.sented,  showing:  (1)  the  elTect  of 
loading  on  effectiveness  of  treatment,  and  (2) 
the  effect  of  preaeration  followed  by  bio-treat¬ 
ment.  J.  I.  Wrozina 

Reforming  Hydrocarbons 

Pollock,  L.  W.  (a.ssigned  to  Phillips  Petro¬ 
leum  Co.)  PRODUCTION  OF  FUEL  GAS  BY 
CRACKING  PROPANE.  US.  2.608,478 
(1952)  August  26. 

.4  procesis  is  claimed  for  the  protluction  of  a  fuel 
gas  having  a  500  to  700  Btu.  cu.ft.  range  bv 
cracking  hydrocarbon  gas  rich  in  propane  at 
temperatures  from  1650“  to  2200  F.  The 
temiH*rature  is  obtained  by  heated  pebbles  pass¬ 
ing  through  the  reaction  zone.  The  pressure  is 
maintained  at  1  and  2  atmospheres,  the  steam 
to  propane  molar  ratio  at  about  2,  and  the  con¬ 
tact  time  at  alamt  0.7  .seconds. 

H.  A.  Dirk.sen 

Webb.  G.  .M.  and  .Moehl,  R.  W.  (a.ssigned  to 
I’niversal  Oil  Products  (’o.)  HYDROCAR- 
BONTONVERSION  CATALYST  AND  PROC¬ 
ESS.  U.S.  2,611,738  (1952)  September  23. 

An  improvement  is  claimed  in  the  manufacture 
of  a  silica-metal  oxide  catalyst,  which  com- 
pre.sses  the  composite  of  silica  hydrogel  and 
metal  oxide  at  100’  F.  to  250’  F.  for  at  least 
an  hour  in  an  ammonium  salt  solution  with  a 
))H  l)elow  9.  The  amount  of  fines  normally  en¬ 
countered  in  the  cataly.st  preparation  is  reduced. 

H.  A.  Dirk.sen 

The  following  articles,  the  abstracts  for  which 
app4‘ar  on  the  pages  indicated,  are  also  called 
to  your  attention: 

Ingle.s.  ().  G.  WATER  GAS  SHIFT  REAC¬ 
TION.  p.  2.37 

Kinney.  I.  W..  Jr.  IDENTIFICATION  OF 
THIOPHENE  AND  BENZENE  HOMOLOGS, 
p.  234 

Vahrman,  M.  ASPECTS  OF  CHEMISTRY 
OF  COAL  TARS.  p.  2.37 
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5.  NATURAL  GAS  AND 
NATURAL  GAS 
CONDENSATES 

« 

Britith  LP-Oai 

KdwardH.  K.  M.  DEVKLOI’MKNTS  IN  THE 
USE  OF  LIQUEFIED  PETROLEUM  OASES. 
Onj*  World  (liritiah),  1.16,  841 -84fi  (1952)  Octo- 
Ur  4;  J.  (Hriti.sh)  272.  96-102.  107.  111. 
116  (1952)  OctolM‘r8;  (iait  Tinnn  (British)  7.1. 
24.  25-28. 1.1  ( 19.52)  OctcU  r  1. 

With  the  problem  in  mind  of  the  kh.s  supply 
of  the  smaller  i.solated  communities  of  Wales, 
the  W'ales  (las  Koard  installed  an  exjK'rimentHl 
LP-khs  air  station  at  Whitlan<l.  This  consisted 
of  one  French  (Mallet)  and  one  American 
((iasair)  plant.  Developments  rei>orted  are 
concerned  with  (a)  calorific  value  (b)  load  sur¬ 
vey  (c)  ifas-air  mixtures  (d)  appliance  con¬ 
version  (e)  chanKeover  (f)  plant  descri|)tion 
and  in.stallation  (}f)  results  (h)  cu.sts,  (i)  de- 
siKii  (j)  conclusi(*ns.  Utilization  has  Ihhoi 
treated  in  some  detail.  O.  P.  Rrysch 

Condeniate  Recovery 

Stormont,  D.  H.  AUTOMATIC  CONDEN¬ 
SATE  COLLE(TORS  FEATURE  ELK  HILLS 
SYSTEM.  Oil  Gns  J.,  51.  192-194  (19.52)  Or- 
tolsT  11. 

The  100-mile  Katherine  .sy.stem  is  provided  with 
91  automatic  drip  collectors.  The  construction 
and  operation  «)f  mainline  collectors  art-  dis¬ 
cussed.  1.  P.  Patel 

Distribution 

Crilly,  .1  J.  SINC.LE  CONTROL  ROOM  IN- 
TECRATES  ENTIRE  SYSTEM,  (r’os,  28.  51 
(19.52)  October. 

The  central  control  system  u.sed  by  Elizabtdh- 
town  ('on.solidated  (las  Company  to  control  nat¬ 
ural  Kas  dispatchinK  o)>eration  to  the  Elizabeth, 
N.  J.  area  is  discu.s.sed.  E.  F.  SeariKht 

Hanna.  L.  ('..  SAFE  PRACTICES  IN  DIS¬ 
TRIBUTION  OF  NATURAL  (JAS.  Aw.  Gn-f 
./.,  177,  17,  .10  (1952)  Septemlx‘r. 

The  use  of  »lre.s.ser-type  couplintrs  is  recom¬ 
mended  instead  of  collars  on  service  lines  and 
outside  meter  sets.  Meters  should  be  installed 
al)ove  ground  outside  buildings.  In  the  main 
lines,  weldeil  construction  should  la*  u.sed. 

1.  P.  Patel 


Go*  Engine  vs  Turbine  Pumps 

Haverfield,  F.  B.  STEAM  CENTRIFUGAL 
COMPRESSORS.  Pipe  Line  .Ww  s.  24.  45.  46- 
.54  (1952)  (3ctob»‘r. 

Transcontinental  Gas  Pija?  Line  Co.  is  em¬ 
ploying  three  steam-turbine-driven  centrifugal 
compres.sor  stations  along  with  sixteen  ga.s-en- 
gine-driven  stations  in  the  main  line  and  each 
steam  station  has  three  5000  hp.  units  which  are 
ojMTated  in  series.  A  brief  description  of  the 
plants  is  given  along  with  some  comparitive 
oja-rating  and  personnel  requirement  data.  The 
centrifugal  stations  were  cheaix‘r  by  $45.00 
I)er  installed  horseiK)wer  than  the  equivalent 
gas-engine-driven  stations.  This  was  due  to 
elimination  of  ma.ssive  foundations  and  to  use 
of  smaller  buildings.  The  operating  co.sts  were 
0.16  cents  for  the  steam  station  and  0.186 
cents  for  the  gas-engine  driven  station. 

O.  T.  Bloomer 

Sterrett,  E.  STEAM  TURBINE  DRIVE  FOR 
MAIN  LINE  COMPRESSORS.  Pipe  Line 
.Vc(/'«.  24,  47-54  (1952)  Octola'r. 

This  article  pre.sents  a  rather  complete  descrip¬ 
tion  of  steam  centrifugal  compre.s.sor  stations. 
The  article  is  illustrated  with  many  photo¬ 
graphs.  O.  T.  Bloomer 

Gasoline  Recovery 

Barry,  C.  B.  PORTABLE  GASOLINE  PLANTS 
GAIN  IN  POPULARITY.  Oil  Gai^  ./..  51.  96- 
98.  106  (19.52)  Octol)er  27. 

A  skid-mounted  packaged  gasoline  plant  is  de- 
.scribed  and  advocated  for  minimum  risk  prior 
to  erection  of  a  major  plant.  A  .standard  unit 
would  pnx’e.ss  about  5  MMCF  day  and  would 
emi)loy  the  oil  absorption  |)roce.ss,  using  an 
absorber  pressure  of  150  psi  and  an  oil  of 
180  molecular  weight  circulated  at  25  gal- 
lons/min.  Rich  oil  is  flashed,  the  liquid  pha.se 
heated  and  sent  to  a  dry  still  where  flashed 
vapor  rather  than  o)>en  steam  is  used  for  .strip¬ 
ping.  Only  90  to  95 of  the  iwntanes  is  recov¬ 
ered  and  no  ga.soline  separation  is  proposed  al¬ 
though  LPG  pnMluction  is  possible.  The  accent 
is  placed  on  simplicity  and  safety  to  minimize 
ojx'rating  expen.se.  ,1.  D.  Parent 

H  S  Removal 

Atche.son.  M.  and  Cohn,  A.  A.  OPERATING 
GLYCOL-AMINE  GAS  TREATING  PLANTS. 
World  Oil.  115.  297-.100  (19.52)  October. 
Remedial  measures  for  ojx'rating  problems  of 
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the  Klycol-amine  prtxesst  are  discussed.  These 
problems  include  the  corrosion  of  solution  ex¬ 
changers  and  stills,  the  reduction  of  contactor 
capacity  by  accumulated  corrosion  products  ir 
the  bubble  cap,  and  the  deterioration  and  loss 
of  jrlycol-amine  .solution.  C.  ?].  Hummel 

LP.Gas 

t'oumbe,  A.  T.  and  Avery,  I.  F.  LFMJAS  DOF.S 
IT  AHAIN;  21  PER  CENT  SALES  GAIN  IN 
’51.  LP-Gas,  12.  44-47  (19.52)  September. 
Sales  of  propane,  butane  and  mixed  propane 
and  butane  an>  given  for  the  period  1946 
through  1951.  Amounts  consumed  are  broken 
down  into  the  usual  groups  such  dome.stic, 
chemical,  gas  manufacture,  etc.  and  a  21.4‘'f 
.sales  gain  over  the  previous  year  is  noted.  Geo¬ 
graphical  distribution  of  .sales  during  1950  and 
1951  is  given  in  detail.  J.  I).  Parent 

Turner.  ('.  (’.  THE  BULK  PLANT.  LP-Gas, 
12,58-79  (1952)  October. 

This  lengthy  discussion  presents  the  economics 
of  bulk  plants.  Some  co.st  data  plant  layout 
and  o|)erating  information  is  included. 

J.  I).  Parent 

L-P  Power  Market 

THE  POVV’ER  MARKET.  Hutntir-Propnnr,  14. 
104-116  (1952)  September. 

A  discussion  of  the  application  of  LP-fuel  in 
the  internal-combustion  engine  market  is  given. 
Mass  sales  to  truck  and  bus  lines,  heavy  con- 
.struction  equipment  and  tractors  are  much  pre¬ 
ferred  to  individual  pa.ssenger  car  .sales. 

W.  G.  Bair 

Pipeline  Construction 

Watkins,  E.  G.  DESIGN  OF  GAS  PIPING 
ON  BRIDGES.  Ga.s,  28,  5:{-62  (1952)  Sep¬ 
tember. 

Keeping  the  stresses  in  the  piiie  within  toler¬ 
able  limits  is  of  utmost  importance  when  in¬ 
stalling  gas  mains  on  bridges.  Methods  for  ac¬ 
commodating  stre.s.ses  induced  by  expansion 
and  contraction  are  di8cu.s.sed,  including  the 
u.se  of  expansion  joints.  pijH*  loops,  roller  sup- 
imrts,  and  anchorage  to  the  bridge.  Ordinarily, 
no  elaborate  construction  is  required  for  either 
support  or  expansion  of  low-pressure  lines  on 
bridges.  Only  when  a  combination  of  tempera¬ 
ture  range,  span  and  ojierating  pre.ssure  reach 
limits  of  tolerable  stres.ses  must  consideration 
lie  given  to  .stricter  methods  of  installation. 

E.  J.  Pyrcioch 


Production 

Humason,  G.  A.  GAS  LIFT.  U.S.  2,612.111 
(1952)  Septembt'r  :10. 

The  invention  relates  to  equipment  for  raising 
oil  or  other  fluid  from  a  well  part  way  by  in¬ 
jected  gas  so  it  can  then  lie  handled  by  the 
pumping  .string.  .1.  D.  Parent 

Little.  H.  E.  GAS  WELLS  FRO.M  DEPLET¬ 
ED  OIL  WELLS.  World  (HI.  135.  262,  270 
(1952)  Octolier. 

lncrea.sed  gas  production  is  being  obtained  in 
the  Permian  Basin  by  re-completing  oil  wells 
produced  beyond  their  economic  limit.  The 
practice  is  due  to  the  increase  in  price  and  de¬ 
mand  for  gas.  Wells  are  plugged  back  and  the 
casing  is  iierforatisl  opposite  other  strata.  Ra¬ 
dioactive  well-logging  is  useil  to  help  locate 
possible  strata  where  well  records  are  incom¬ 
plete.  O.  T.  Bl<K>mer 

TroBseontlamitars  Line 

Hangs,  F.  E.  HIGHLIGHTS  IN  TRANS¬ 
CONTINENTAL’S  CONSTRUCTION  PRO¬ 
GRAM.  Pipe  Line  News.  24,  34-44  (1952) 
October. 

A  brief  history  together  with  the  detail  of  de¬ 
sign  and  construction  of  1840  miles  of  30"  pipe 
line  of  Transcontinental  Gas  Pijie  Line  Corp. 
is  given.  Design  features  include  a  maximum 
line  pressure  800  psi,  with  a  compression  ratio 
of  1.4;  pipe-wall  thickne.ss  is  0.3125"  to  0.500" 
depending  on  outside  conditions.  The  applica¬ 
tion  of  .steam-<lriven  centrifugal  compressors 
at  three  .stations  is  new  in  the  field. 

’  D.  C.  Garni 

Underground  Storage 

Brown,  C.  B.  OAKFORD  PROJECT  WILL 
STORE  105  BILLION  CUBIC  FEET  OF  GAS. 
Oil  Gas  J..  51,  102-106  ( 1952)  October  27. 
Process  details  for  the  huge  Oakford  Storage 
Project  near  Jeanette,  Pa.  are  given.  Total 
capacity  is  105,000  MMCh'  of  which  60,000 
MMCF  may  be  withdrawn.  Compression  facil¬ 
ities  total  30,000  hp.  and  gas  can  be  dehydrated 
l)oth  before  injection  and  after  removal.  Two 
sand  strata  are  to  be  used.  Five  years  will  Ik* 
required  before  the  joint  operators,  Texas  East¬ 
ern  and  New  York  State  Natural,  have  the 
project  at  full  capacity.  J.  D.  Parent 
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J.  F  .  Jr.  L'NDEKGROUNI)  STORAGE 
OF  NATI  RAL  GAS;  ITS  THEORY  AND 
I’RACTK’E.  (ins  Age.  110.23-24,63-73  (1952) 
OctolnT  9. 

Th*'  author  reviews  the  .search  made  by  hi.s  com- 
jtany  for  adequate  underKround  storaKe.  Geo- 
lojrical  and  economic  considerations  relevant  to 
th»'  various  solutions  which  were  jwssible,  are 
n-viewed  and  the  rea.sons  for  wlectiiiK  the 
lliTs<  her  dome  acjuifer  are  ttiven.  Steps  taken 
in  the  (U-velopment  of  the  project  are  pre- 
senteil.  J.  I).  Parent 

The  follovvioK  articles,  the  abstracts  for  which 
apjwar  on  th»‘  pat^es  indicated,  are  also  called 
to  your  attention: 

P.arker,  C.  L.  COMPUTING  FLOW  CONDI¬ 
TIONS  IN  GAS  LINES,  p.  239 

Ilaupt,  L.  M.  PIPE  LINE  FLUID  NETWORK 
CALCULATOR,  p.  239 

.Mellen.  G.  L.  VELOCITY  METERING  OF 
GAS  FLOW.  p.  239 

6.  PETROLEUM  AND 
SYNTHETIC  LIQUID  FUELS 

Canadian  Oil 

Menneer,  J.  CANADIAN  OIL  PANORAMA. 
I‘i  tnth  uni  Hug.,  21.  A45-A58  ( 1952)  October. 

The  jreoloKical  features  of  the  Western  Canada 
Rasin  are  pre.sented  and  the  exploration  and 
economic  development  traced,  particularly  for 
tlu-  last  5  years.  Reserves  data  for  oil  and  jras 
are  Kiven.  J.  D.  Parent 

Composition  of  Crudes 

Smith,  11.  M.  ('O.MPOSITION  OF  UNITED 
S  TATES  CRUDE  OILS.  luil.  Hug.  Chem.,  44. 
2577-2585  (1952)  NovemI)er. 

Th«-  crude  oil-producinjt  areas  of  the  United 
States  are  divided  into  eiRht  KOOKraphical  areas. 
C«‘rtain  characteristics  of  the  crude  oils  pro- 
ducetl  in  each  area  are  discus.sed  in  this  paper. 
Characteristics,  based  on  the  Bureau  of  Mines 
routine  analysis,  include  the  sulfur,  asphalt, 
tiaphtha,  (fas  oil.  aromatics  in  both  the  naphthas 
and  Kas  oils,  and  naphthene  rinj;  in  the  paratlin- 
naphthene  portions  of  both  the  naphthas  and 
the  jras  oils.  A  total  of  330  crude  oils  is  in¬ 
cluded  in  the  di.scu.ssion.  Author’s  Abstract 


Conversion  Catalysts 

Browning,  L.  C.  and  Emmett,  P.  H.  EQUI¬ 
LIBRIUM  MEASUREMENTS  IN  THE  Mo- 
C-H  SYSTEM.  J.  Am.  Chem.  Soc.,  74.  4773- 
4872  (1952)  October  5. 

The  equilibrium  data  for  the  temperature  range 
studied  .show  .Mo^.C  and  MoC  are  thermodynami¬ 
cally  stable  with  respect  to  molybdenum  and 
carbrm.  Equilibrium  data  for  the  reaction 
2  Mo  e  CIL  Mo.C  4-  211- and  Mo^C  4  CH, 
—  2  .Mo  C  f  21U  were  obtained  and  confirmed 
by  x-ray  spectrogram  for  the  temperature  range 
447-682°  and  663-825°  respectively. 

H.  A.  Dirksen 

Fischer-Tropsch  Process 

Clark,  A.  (a.ssigned  to  Phillips  Petroleum  Co.) 
SYNTHESIS  OF  HYDROCARBONS.  U.S. 
2,610.200  (1952)  September  9. 

A  process  is  claimed  for  synthesizing  hydro- 
carlwns  from  a  suitable  mixture  of  hydrogen 
and  carbon  monoxide  pas.sed  over  a  cobalt  cata- 
ly.st  at  from  175  to  225°  C.  and  5  to  150  at¬ 
mospheres,  using  a  two-stage  arrangement  with 
the  introduction  of  fre.sh  carbon  monoxide  to 
the  .scrubbed  gas  before  the  gas  enters  the  sec¬ 
ond  stage  reactor.  W.  J.  Pleticka 

Ghosh,  J.  C.,  Sa.stri,  M.  \'.  C.,  and  Kini,  K.  A. 
ADSORPTION  OF  HYDROGEN  AND  CAR¬ 
BON  MONOXIDE  AND  THEIR  MIXTURES 
BY  ('OBALT  FISCHER-TROPSCH  CATA¬ 
LYSTS.  Iml.  Eng.  Chem.,  44.  2463-2470  (1952) 
October. 

Two  cobalt  P'i.scher-Tropsch  catalysts  were  u.sed 
to  obtain  adsorption  data  of  pure  carbon  mon¬ 
oxide  and  hydrogen,  and  of  mixtures  of  the  syn¬ 
thetic  gas  (ICO:  IH..  and  ICO:  2H-).  Kinetic 
and  adsorption  data  are  pre.sented  with  graphs 
for  each  catalyst  and  mixture.  The  ad.sorption 
data  combined  the  conversion  and  yield  data  of 
the  two  catalysts,  and  indicates  a  final  ratio  of 
2CO:  IH-  corresponding  to  a  complex  of  the 
enolic  formula  (-C-0-H)  as  the  intermediate 
product.  H.  A.  Dirksen 

Moran.  J.  N.  (assigned  to  Phillips  Petroleum 
Co.)  PROCESS  FOR  THE  SYNTHESIS  OF 
HYDROCARBONS  FROM  CARBON  MONOX¬ 
IDE  AND  HYDROGEN  BY  MEANS  OF  A 
FLUIDIZED  FIXED-BED.  U.S.  2,612.512 
(1952)  September  30. 

A  fluidized  fixed-b«‘d  method  for  synthesizing 
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hydrocarbons  by  reactinK  hydrogen  and  carbon 
monoxide  is  claimed.  \V.  J.  Pleticka 

Owen,  J.  J.  and  Sumerford,  S.  I),  (assigned 
to  Standard  Oil  Development  Co.)  PROCESS 
FOR  THE  SYNTHESIS  OF  HYDROCAR- 
RONS  FROM  CARBON  MONOXIDE  AND 
HYDROGEN  WITH  AN  IRON  TYPE  CATA¬ 
LYST.  C.S.  2.610,975  ( 1952)  SeptemVH*r  16. 
This  invention  refers  to  the  method  of  increa.'- 
ing  the  content  of  high  molecular  weight  hy¬ 
drocarbons  in  the  total  liquid  product  syn¬ 
thesized  from  carlxm  monoxide  and  hydrogen, 
by  c»)ntrolling  the  oxygen  content  of  iron  cata- 
ly.st  in  a  tluidized  synthesis  reactor. 

C.  von  ?'re<lersdorfT 
Rubin,  LC.,  Riblett,  E.  W..  .McGrath,  H.  G. 
(a.ssigned  to  M.  W.  Kellogg  Co.)  SYNTHESIS 
OF  ORGANIC  CO.MPOL'NDS.  U.S.  2.615.025 
( 1952)  Octobt*r  21. 

The  patent  claims  improved  liquid  hydrocarbon 
rt'covery  by  using  catalyst  tem|)eratures  be¬ 
tween  440°  F.  and  500°  P\,  a  space  velocity  of 
approximately  1000,  and  pre.ssures  from  at¬ 
mospheric  to  45  psi.  The  conversion  of  carbon 
monoxide  is  maintained  alnive  50^1  p  h  over 
the  tluidized  cobalt  catalyst.  The  synthesis  gas 
varied  in  comjjosition  from  2:1  to  5:1  mol. 
ratio  hydrogen  to  carbon  monoxide. 

H.  A.  Dirk.sen 

Incentives 

Fell,  11.  B.  INDIVIDUAL  FREEDOM  VER¬ 
SUS  STATISM  IN  PETROLEUM.  ImUptn- 
(Icnt  Pttroltum  Aksoc.  of  Annriai,  2.‘1.  57-58 
( 1952)  Octolier. 

History  shows  that  captive  peoples  produce  in¬ 
ferior  g(K)ds  and  in  lesser  amounts  than  tho.se' 
who  are  allowed  profit  incentives.  Examples 
are  given  from  the  petroleum  producing  field. 

J.  D.  Parent 

Synthesis  Gas 

Stewart,  S.  G.  (a.ssignetl  to  Phillips  Petroleum 
Co.)  SYNTHESIS  GAS  .MANUFA(TURE. 
U.S.  2.606,158  (1952)  August  5. 

The  patent  claims  the  manufacture  of  a  hy¬ 
drogen,  carbon  monoxide  synthesis  gas  with 
a  1.7:1  to  2.3:1  hydrogen  ratio  by  pas.sing  C| 
to  ('<  hydrocarbon  with  oxygen  through  a  re¬ 
actor  at  2000  to  2500°  F.  with  a  residence  time 
of  0.02  to  2  .seconds  for  partial  oxidation,  and 


iiuenching  the  products  rapidly  to  prevent  the 
water-gas  shift  from  taking  place.  The  heat 
relea.sed  in  the  quenching  operation  is  use<l  for 
thermal  cracking  of  the  charging  stock. 

H.  A.  Dirksen 

Shale  Oil 

Cheney,  L.  K.  (assigned  to  Sinclair  Refining 
Co.)  PYROLYTIC  CONVERSION  OF  OIL 
SHALE.  U.S.  2.609.;i31  (1952)  Septeml)er  2. 

The  addition  of  from  0.5  to  6G  of  hydrochloric 
or  hydrofluoric  acid  to  a  slurry  of  oil  shale  pro¬ 
duces  an  active  catalyst  by  reacting  with  the  in¬ 
organic  constituents  in  the  shale  thereby  cata¬ 
lyzing  the  shale  oil  production  in  the  retorting 
o|)eration.  E.  J.  Pyrcioch 


7.  ANALYTICAL  METHODS 
AND  TESTS 

Adsorption  Analysis 

Sjiengler,  G.  and  Krenkler,  K.  SELP3CT1VE 
Al)SORI>TION  OF  HYDROCARBONS.  /V- 
trolnini  lif finer,  31,  133-136  (1952)  October. 

Work  in  Germany  on  hydrocarlwn  analysis  t»f 
ga.soline  by  percolation  through  silica  gel  and 
activated  charcoal  is  descril>ed.  The  meth<»(i 
consisted  of  jK'rcolation  of  a  mixture  of  ga.so¬ 
line  and  n-hexane  throngh  a  small  column  of 
the  ad.Horlient  until  the  original  mixture  began 
to  ap|H‘ar;  no  developer  other  than  the  .sample 
mixture  was  u.sed.  Characteristic  curves  for 
different  ga.soline  types  were  oh.served,  but  a 
strictly  quantitative  method  for  hydrocarl>on 
tyi)es  apparently  was  not  achieveit. 

1).  .M.  .Ma.son 

Coal  Ash  Method 

Tomlin.son,  R.  (,’.  and  Edward.s.  A.  H.  A  TEST 
TO  DETERMINE  THE  EFFECT  OF  DIF¬ 
FERENT  SIZED  DISHES  IN  ASH  DETER- 
.MINATION.EmcI,  (Briti.sh)  31.468-474  (1952) 
Octol)er. 

A  test  is  described  which  was  designed  to  de¬ 
termine  the  difference  in  the  results  of  ash 
determinations  when  two  kinds  of  dishes  were 
uswl.  The  work  is  of  interest  as  an  example 
of  a  simple  exiwriment  .statistically  designed  so 
as  to  obtain  the  answers  to  siiecific  questions 


with  a  minimum  of  work.  The  tcata,  which  were 
carried  out  in  Newca.stle  Coal  Survey  I^lxira- 
tfiry,  «how»-«l  that  th#-  u»e  of  a  amaller  flanKeleaa 
diah  (49  mm  internal  diameter)  jrave  results 
sliKhtly  hiRher  than  those  obtained  with  a 
larger  llanRed  dish  (57  mm  internal  diameter). 
The  difference  was  small,  l)etween  0.01  and  0.1 1, 
and  the  accuracy  of  the  determination  was  the 
same  in  Isdh  ca.ses.  Authors’  Ab.«tract 

Cyanide  Determination 

I'isher,  F.  H.  and  Hrow  n,  .1.  S.  COLOKIMKT- 
KIC  DKTKUMINATION  OF  CYANIDK  IN 
.STACK  CAS  AM)  WASTK  WATKK.  Aunl. 
1440-1441,  (1962)  Septemla*r. 

A  metlKsI,  which  is  ba.sed  on  the  reduction  of 
.sodium  picrate  by  evanide  to  form  a  colored 
prisluct,  is  pre.sented  for  the  quantitative  de¬ 
termination  of  cyanoRen  and  hydroRen  cyanide 
in  refinery  stack  Rases  and  of  tho.s*-  cyanides  in 
refinery  waste  matters  which  are  readily  de- 
coniiM)sed  by  .stroiiR  acids.  The  determination 
is  sensitive  to  1  p.p.m.  and  accurate  to  within 
2'/r  of  the  corni’t  value;  the  develo|H‘d  color  is 
stable  and  the  determination  is  not  aff(*cted  b\ 
the  other  .substances  normally  encounterwl  in 
refinery  wastes.  The  paiK>r  presents  a  compre- 
hi'nsive  discussion  of  the  variables  affectiiiR  th<‘ 
picrate-cyanide  reaction,  such  as  reaction  rate, 
reaRcnt  concentration,  color  stability,  and  in- 
terferinR  substances.  .Authors’  Abstract 

Mass  Spectrometry 

Kinney,  I.  \V.,  .Ir.  and  C(s»k.  C.  L.  IDPiNTIFl- 
CATION  OF  THIOIMIKNK  AND  HKNZENK 
IIOMOLOC.S.  Atinl.  i'htm.,  24,  i:i9l-i:i9f) 
(1952)  Septemlx*!-. 

.A  new  method  for  the  identification  id  un¬ 
known  orRanic  coni|Hiunds  has  lieen  developed, 
usiiiR  correlations  that  relate  nia.ss  sja?ctra  with 
molecular  structure.  No  i»rior  mass  spectral 
tlafa  for  the  unknown  compounds  are  necessary 
for  identifications.  The  basis  of  the  methial  is 
the  use  of  mass  siaxtral  correlations  to  identify 
structural  Rroups  in  unknown  compounds.  Iden¬ 
tifications  are  completeil  by  the  use  of  sup¬ 
plemental  chemical  and  physical  data. 

Authors’  Abstract 

Lum|)kin.  H.  F...  Thomas.  K.  W.  and  Elliott,  A. 
MODIFIED  METHOD  FOR  HYDROCARRON 
TYPE  ANALYSIS  BY  MASS  SPECTROS- 


rOPY.  Ami.  Chem.,  24.  1:189-1391  (1952) 
Septemlier. 

The  mass  8|)ectrometer  com|K)und-ty|>e  anal¬ 
ysis  develoi)e<l  by  Brown  is  morlified  for  appli¬ 
cation  to  samples  of  low  olefin  content.  F’araf- 
fins,  naphthalenes,  aromatics,  and  condensed- 
rinR  naphthenes  are  determined  in  a  sinRle 
mass  spectrometer  run  by  the  abundance  of  spe¬ 
cific  Rroups  of  {leaks  which  are  di.stinctive  for 
the  various  comfMiund  ty|ies.  The  four  types 
can  la*  iletermined  in  olefin-fret'  .samiiles  in  1 
hour  with  an  accuracy  of  about  •  10'^;  of  the 
amount  of  each  tyfit'  pre.sent. 

Authors’  Abstract 

SoIkov.  H.  analysis  OF  LIQUID  HYDRO¬ 
CARBON  MIXTURES  BY  MASS  SPECTROM¬ 
ETRY.  Audi.  ('hem..  24,  I:i86-i:i88  (1952) 
Se|)tember. 

.An  investiRation  was  made  id'  the  means  by 
which  ra|»id  and  accurate  mass  s|H'Ctrometer 
analyses  couKl  la*  obtained  for  hyilrocarbon 
mixtures  lioilinR  betwet*n  82°  ami  231  F.  (i.so- 
pentane  to  toluene).  The  {iroblems  of  ma.ss  s|it*c- 
trometer  reproducibility  and  close  siu'ctral  sim¬ 
ilarities  retjuire  fractionation  of  the  sample  In 
di.stillation.  Thus  far  the  smallest  numlier  of 
fractions  retpiirt'd  is  four  and  the  larRe.st  matrix 
det'med  u.seful  has  lieen  of  fifteenth  order. 

Author’s  Ab.stract 


Specific  Surface 

Rose,  H.  E.  THE  PERMEABILITY  METH¬ 
OD  OF  SPECIFIC  SURFACE  DETERMINA¬ 
TION.  A  CORRECTION  FAC  TOR.  .4')- 
p/iVd  ('htni.  (British)  2.  511-520  (19.52)  Sep¬ 
tember. 

In  iletermination  of  s|)ecific  surface  of  {lowders 
by  the  permeability  method,  a  correction  based 
on  the  effect  of  tortuosity  of  passaRes  has  been 
found  which  eliminates  the  effect  of  porosity 
of  the  U'd.  The  values  of  stiecific  surface  ob¬ 
tained  by  this  methml  deviate  from  values  ob¬ 
tained  by  the  u|>plication  of  the  {ihoto-extinc- 
tion  and  nitroRen  adsorption  techniques  by 
amounts  which  would  be  {iredicted  from  the 
known  limitations  of  the  alternative  methods. 

D.  M.  Mason 


Spectroscopy 

PaRlias.sotti,  .1.  P.  and  Porsche,  F.  W.  SPEC- 
TROSf'OPIC  DETERMINATION  OF  MET- 
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ALS  IN  SILK  A-ALUMINA  (  RACKING  (  AT- 
ALYSTS.  Anal.  ('hem..  21.  14o;M405  (1952) 
September. 

Un.satisfactory  results  with  chemical  analysis 
and  insufficient  aid  given  by  silicon  as  internal 
standard  in  the  spectro.scopic  determination  of 
metals  have  led  the  authors  to  a  methisl  of  dis¬ 
solving  the  catalyst  in  hydrofluoric  aci<l.  with 
cobalt  added  as  the  internal  standard,  and  ob¬ 
taining  the  sjiectra  by  means  of  solution-«'xci- 
tation.  Details  are  given  for  the  analytical  pro¬ 
cedure.  S.  Sensi 

Shale  Oil 

Cady,  W.  E.  and  S»*elig.  H.  S.  COMPOSITION 
OF  SHALE  OIL.  Ind.  Knfj-  (  hem..  11.  2r).‘16- 
2641  (1952)  Novemla-r. 

The  ultimate  analysis,  the  physical  profn-rties 
and  a  detailed  breakdown  into  the  various 
clas.se8  of  hydrocarbons  are  given  for  a  typical 
Colorado  shale  oil.  H.  R.  Linden 

SOi  Determination 

Patterson,  G.  I).,  Jr.  and  .Mellon,  .M.  G.  DE¬ 
TERMINATION  OF  SULFUR  DIOXIDE  BY 
COLOR-CHANGING  GELS.  Anal.  Chrm..  21. 
1586-1590  (1952)  Octobt'r. 

Atmospheric  sulfur  dioxide  is  determined  by 
drawing  150  ml.  air  samples  over  .silica  gel 
coated  with  ammonium  vanailate  or  other  in¬ 
organic  or  organic  compounds.  A  change  of 
color  is  pro<luced  by  the  pre.sence  of  10  p.p.m. 
or  more  of  sulfur  dioxide  and  the  concentration 
is  quantitatively  estimated  by  matching  the 
color  with  standard  color  cards.  A  summary  is 
given  of  colorimetric-gel  methods  for  analyzing 
other  gases  and  vaj^rs.  C.  E.  Hummel 

The  following  articles,  the  abstracts  for  which 
ajjpear  on  the  pages  indicated,  are  also  called 
to  your  attention: 

Aubrey,  K.  V.  GERMANIUM  IN  BRITISH 
COALS,  p.  228 

Cannon,  C.  G.  INFRARED  SPECTRA  OF 
SO.ME  AROMATIC  COMPOUNDS,  p.  2.27 


8.  GENERAL  AND 
PHYSICAL  CHEMISTRY 

Combustion  Reactions 

Bn.ida.  H.  P.  and  Ulo.s.  G  T.  ROTATIONAL 
TEMPERATURES  OF  GH  IN  SEVERAL 
FLAMES.  ./.  Chem.  rhimir.s.  21).  1466-1  171 
( 1 9.52 )  September. 

The  intensity  of  OH  emission  from  various 
small  regions  of  Bun.sen-ty|)e  flames  of  hydro¬ 
gen,  acetylene,  methane,  and  propane,  pre¬ 
mixed  with  oxygen,  has  been  observed  sjiectro- 
scoi)ically,  and  corres|K)nding  rotational  temp¬ 
eratures  have  bt'en  tletermiiu*<l  by  an  iso-inten¬ 
sity  methwl.  .An  ultraviolet  grating  mono¬ 
chromator  of  high  re.solution  was  u.sed;  fuel 
to  oxygen  ratios  were  varied  from  about  0.5  to 
2  times  the  stoichiometric  value;  and  rotational 
temperatures  were  determined  at  several  ])osi- 
tions  within  each  flame.  The  measured  temjjer- 
atures  of  the  n-action  zone  vari»‘d  little  with 
mixture  ratio  for  a  given  fuel  and  were  greater 
than  adiabatic,  .suggesting  a  lack  of  thermal 
e<|uilibrium.  In  the  hot  gases  lK*yond  the  reac¬ 
tion  zone,  however,  evidence  was  found  of  both 
rotational  and  ek*ctronic  tsinilibrium.  The  c»)n- 
centration  of  thermally-prmluced  OH  in  the 
burned  ga.ses  was  found  to  be  so  great  that  it 
tends  to  mask  the  emission  from  the  n*action 
zone.  .Authors’  Ab.stract 

Shuler,  K.  E.  and  Broida,  H.  P.  KINETICS 
OF  ()//  RADICALS  FROM  FLAME  EMIS¬ 
SION  SPECTRA  V.  A  STUDY  OF  THE 
ACETYLENE-OXYGEN  FLAME.  J.  ('hem. 
P/ii/siVs,  20.  128.2-1288  (19.52)  Septeml)er. 

The  inner  c«)ne  of  the  acetylene-oxygen  flame 
burning  lean  (1:5),  stoichiometric  (2:5),  and 
rich  (4:5)  at  atmospheric  pressure  has  l>een 
studied  spectroscopically  with  the  object  of 
gaining  some  information  aljout  the  elementary 
processes  occurring  in  this  flame.  The  rota¬ 
tional,  vibrational,  and  electronic  distributions 
of  OH  (*  i  ■  )  have  l)een  determined  for  each 
fuel  mixture.  The  analysis  of  the  data  .showe<i 
a  rotational  Maxwell-Boltzmann  di.stribution 
with  a  rotational  “temperature"  .several  hun¬ 
dred  degrees  higher  than  the  adiabatic  flame 
temperature.  The  vibrational  di.stribution  of 
OH  (*  i  ^  )  was  distinctly  nonecjuilibrium  w’ith 
an  excess  population  in  the  level  v'  =  2  anal- 
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oK<)U!<  to  that  ohaervi-d  for  the  hyclroKen-oxy- 
Ken  flame.  Thia  ia  attributed  to  the  interaction 
of  the  (-i.*)  .atates  of  OH.  The  analysis  of 
thi-  electronic  distribution  of  OH  indicate<i  that 
<»H  (1.  )  i.s  pre.>M-nt  in  its  thermal  equilibrium 
concentration  in  the  llame  at  atmospheric 
pressure.  The  results  of  this  .study  in  conjunc- 
tif»n  with  the  work  itf  (!aydon  and  Wolfhard 
on  the  low  pressure  acetylene-<ixyKen  flame  in- 
diiate  that  the  radiation  of  OH  <-i.‘  )  is  to  a 
larKe  extent  chemilumine.scence  so  that  a  con¬ 
siderable  fraction  of  the  excited  hyilroxyl  rad¬ 
icals  must  have  la-en  form«-d  in  the  (-v‘  )  state 
by  a  chemical  reacti(»n  (or  reactions). 

Authors’  Ab.stract 

Compressibility 

|{••Httie.  J.  A.,  Hrierley,  .1.  S.,  and  Barriault,  K. 
.1  THK  ('OMI'KKSSIIHLITY  OF  KRYP¬ 
TON  1.  AN  KOUATION  OF  STATK  FOR 
KRYPTON  AND  THK  WKIOHT  OF  A  LITKR 
OF  KRYE*TON.y.  ('fun,,  /•hi/nics.  20.  1612-1615 
(1052)  OctolK'r. 

The  catmpressibility  of  krypton  containiiiK  O  OO 
mole  iHTcent  xenon  has  l)een  measured  from 
(»  to  .'(00  ('.  and  over  the  density  raiiKe  1  to 

10  mole  per  liter.  The  constants  for  pure  kryp¬ 
ton  are  R  (t.08206,  A„  2. 1220.  a  0.02H65. 
I5„  0.05261,1)  O.  c  11.80  X  10‘ in  units 

of  stjindard  atmos,  liters  |mt  mole,  and  "K 
('D’K  t"(’  •  272.12).  The  e<|uation  for  the 

sample  studied  reproduced  the  ob.served  j)res- 
sures  with  an  averaKe  tieviation  of  0.16  jH-rcent. 
The  weiKht  of  one  liter  of  Kr  at  a  pressure  of 
one  standard  atmosphere  is  calculated  from  the 
molecular  weiKht  (82.7)  ami  the  alH)ve  con¬ 
stants  t«)  be  2.715  K  per  liter  at  ()"('  and  2.471 
K  per  liter  at  7<t  F  .Authors'  Abstract 

Beattie,  .1.  A.,  Douslin,  1).  R.  and  l-evine,  S.  W. 
THK  ('OMPRKSSIBIKITY  OF  AND  AN 
KtH’ATlON  OF  STATK  FOR  OASKOl’S  NKO- 
PKNTANK. ./.  ( ’h,  rhiixics,  1610-1620  ( 1052) 
( )ctola-r. 

The  compressibilitj  of  Ku^^eous  neopentane 
(2-2  dimethyl  propane)  has  Insm  measured 
from  160.60  ,  the  critical  tem|)erature,  to  275'’ 
over  a  density  raiiK*'  from  1  to  7  mole  |H‘r  lifer, 
tht'  maximum  pressure  l>einK  about  200  atmos. 
The  con.stants  of  the  Beattie-BridKenian  cstua- 
tion  of  .state  for  the  Kaj'  pha.se  are  R— 0.08206, 


A.,  =  22.2.2(X),  a  =  0.15174,  B„  -0.;i2560,  b 
0.12258,  c  400.X10*  in  units  of  normal  atmos, 
liter  p«‘r  mole,  'K(TK  =t('  -  272.12),  the 
molecular  weight  being  taken  as  72.0924  g.  per 
mole.  The  second  virial  coeflicients  were  de¬ 
termined  graphically  at  each  temperature. 

Authors’  Abstract 

Beattie.  .J.  A.,  1/evine,  S.  W.  and  Douslin,  D.  R. 
THK  COMPRKSSIBILITY  OF  AND  AN  K- 
(H’ATION  OF  STATK  FOR  GASKOl’S  NOR- 
.MAL  PKNTANK.  ./.  ,4w.  Chtni.  S<>r.,  71. 
4778-4779  (1952)  October  5. 

The  compressibilities  of  normal  p^oitane  have 
lH*en  measured  from  200  to  200  and  from  a 
ileiisity  of  1  to  7  moles  |)er  liter,  the  maximum 
pre.ssure  ladng  250  atm.  The  con.stants  of  the 
Beattie-Bridgeman  equation  of  state  for  nor¬ 
mal  |)entane  are  R  =  0.08206,  A„  ‘28.26<)0, 
a  0.15099,  B.,  =  0.29400,  b  -  0.29400,  b  = 
0.12960,  c  -  400  X  10*.  molecular  weight 
72.0924  in  units  of  normal  atm.,  liter  i)er  mole. 

K.  (T^K.  =  1.  '('.  -  273.12).  The  second 
virial  coefficients  were  also  determined  to  three 
significant  places  from  200  to  200°. 

Authors’  Abstract 

Equilibrium  Calculations 

Rachford,  H.  H.,  .Jr.  and  Rice,  J.  1).  PROCF;- 
DI  RK  FOR  USK  OF  KLKCTRONIC  DIGITAL 
CO.MPUTORS  IN  CALGULATING  FLASH 
VAPORIZATION  HYDROCARBON  KQUI- 
LIBRIU.M.  ./.  rrtfohiim  Techu.,  1.  19  (1952) 
October. 

A  procedure  for  using  a  digital  computor  to 
solve  the  e<|uilibrium  (lash  valorization  equa¬ 
tion  for  multicompount  mixtures  is  outlined. 
The  methisl  is  well  suited  to  .sequence-controlled 
computing  e<|uipment.  The  method  is  not  lim¬ 
ited  to  e«iuilibrium  calculations  and  may  l)t*  u.sed 
for  solution  of  most  implicit  equations  in  one 
variable.  O.  T.  Bloomer 

Heat  Capacities 

Schlinger,  W.  G.  and  Sage,  B.  H.  ISDBARIC 
HKAT  CAPACITIKS  AT  BUBBLK  POIN'I. 
Iml.  En<i.  Cht  ni.,  44,  2454-2470  (1952)  Octol)er. 

The  isochoric  heat  capacities  of  cis-2-butene. 
isopropyl  benzene,  and  n-decane  were  measured 
at  temperatures  from  70°  to  220°  F.  The  meas¬ 
urements  were  made  in  the  heterogeneous  re- 
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Kion  with  two  differont  quantities  of  the  com- 
|M)unds,  and  the  isobaric  heat  capacity  at  the 
l>ubble-|K)int  was  establishe<i  from  these  meas¬ 
urements  usinjf  suitable  thermodynamic  rela¬ 
tions.  O.  T.  Bloomer 


heats  of  formation  of  the  various  atomic  and 
molecular  species  are  selectetl  from  published 
ex|)erimental  data,  and  certain  indu.strially  im¬ 
portant  e<|uilibria  are  calculated. 

Authors’  Ab.stract 


Infro'Red  Spectra 

Cannon.  C.  (I.  and  Sutherland,  G.  B.  THK 
INFKA-RKl)  ABSORPTION  SPECTRA  OK 
SOME  AROMATIC  COMPOUNDS.  Sptctro- 
rhiniica  Acta.  4.  373-395  (1952)  1951. 

The  infrared  spectra  of  .several  aromatic  com¬ 
pounds  are  presented,  together  with  a  de.scrip- 
tion  of  the  apparatus,  specimens,  and  tech¬ 
niques  employed  in  obtaining  this  data.  An  at¬ 
tempt  is  made  to  correlate  the  spectral  data 
with  molecular  structure.  R.  Parker 


Phase  Behavior 


Selleck,  F.  T.,  ('armichael,  L.  R.  and  Sage,  B.  H. 
PHASE  BEHAVIOR  IN  THE  HYDROGEN 
SULFIDE-WATER  SYSTEM.  hid.  Enn. 
Chem.,  44,  2219-2226  (1952)  September. 


The  equilibrium  pres.sures  at  three-pha.se  .states 
aa.sociated  with  one  of  the  quadruple  j)oints  of 
the  hydrogen  sulphide-water  .system  were  de¬ 
termined  at  temperatures  lietween  40'’  F.  and 
340'’  F.  Throughout  this  temperature  range  the 
bubble-point  pressure  of  the  aqueous  liquid 
phase  was  determined  as  a  function  of  composi¬ 
tion  and  temperature,  at  .states  where  hydrate 
formation  was  not  encountered,  for  pre.s8ures 
up  to  2500  psia.  The  quantity  of  water  in  the 
gas  pha.se  was  investigated  in  the  same  range  of 
temperature  and  for  pre.ssures  up  to  5200  psia. 
It  was  found  that  hydrates  of  hydrogen  sul¬ 
phide  exist  at  temperatures  as  high  as  90°  F. 
for  pressures  in  the  neighI)orhoo<l  of  7000  psi. 

O.  T.  Bloomer 


Sulfur  Thermodynamics 

Evans,  VV'.  H.  and  Wagman,  D.  D.  THERMO¬ 
DYNAMICS  OF  SOME  SIMPLE  SULFUR- 
CONTAINING  MOLECULES.  J.  Research 
S'nt.  Bur.  Standards.  40,  141-148  (1952)  Sep¬ 
tember. 

The  thermcxlynamic  functions  (F'°  —  Ho°)  T, 
S°  (H  Ho°).and('p  are  calculated  to  high 
temperatures  for  gaseous  sulfur  (monatomic 
and  diatomic),  sulfur  monoxide,  sulfur  dioxide, 
sulfur  trioxide,  and  hydrogen  sulfide  from 
molecular  and  si)ectroscopic  data.  Values  of  the 


Water  Gas  Shift 

Ingles,  O.  G.  THE  WATER  GAS  SHIFT  RE¬ 
ACTION  IN  FUEL  SYSTEMS.  PARTI.  THE 
WATER  GAS  SHIFT  ON  CARBON.  Trans. 
Earadaii  Soc..  48.  706-712  (1952)  August. 

Experimental  results  on  the  study  of  the  water- 
gas  shift  reaction  on  purifie<l  sugar  carlwn  be- 
tweent  750°  and  850°  C.  indicate  that  initial 
presence  of  H2  increased  the  reaction  rate,  and 
a  kinetic  mwhanism  was  po.stulated  accordingly 
where  H  atoms  assisted  in  the  transfer  of  an 
oxygen  atom  to  a  carlK)n  monoxide  molecule. 
The  derived  equations  arising  from  this  ap|>ear 
to  agree  experimentally.  S.  Mori 

The  following  articles,  the  abstracts  for  which 
apiwar  on  the  pages  indicate<),  are  also  called 
to  your  attention : 

Lumpkin,  H.  E.  HYDROCARBON  TYPE 
ANALYSIS  BY  MASS  SPECTROSCOPY,  p. 
234 

Ro.se.  H.  E.  THE  PERMEABILITY  METHOD 
OF  SPECIFIC  SURFACE  DETERMINA¬ 
TION.  p.  234 

9.  ORGANIC  CHEMISTRY 

Coal-Tar  Properties 

Vahrman.  M.  SOME  ASPECTS  OF  THE 
CHEMISTRY  OF  COAL  TARS.  1.  CHEM¬ 
ICAL  NATURE.  11.  GENERAL  CHARAC  ¬ 
TERISTICS  AND  CHEMICAL  COMPOSI¬ 
TION  OF  DOWN-JET  TARS.  J.  Applied  Chem. 
(British),  2,  532-538  (1952)  September. 

In  paper  I  the  physical  and  chemical  properties 
of  coal  tars  of  differing  origin  are  reviewed,  in¬ 
cluding  general  observations  on  types  of  link¬ 
ages.  amorphous  con.stituents,  constituents 
fractionated  by  .solvent  extraction,  and  products 
formed  by  pyrolysis  and  by  oxidation  and  poly¬ 
merization  treatments.  In  pa|)er  II  experimen¬ 
tal  work  on  examination  of  a  "down-jet”  tar 
with  respect  to  physical  projierties,  di.stillation 
analysis  and  solvent  fractionation  are  pre¬ 
sented.  I).  .M.  Ma.son 
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10.  CHEMICAL 
ENGINEERING 


Hydrocarbon  Structure 

Wat»rmati.  H.  I.  and  11.  THK  CONNK*’- 

llON  HKTWKKN  THK  SI'KCIKIC  KKFKAC- 
noN.  THK  IHSl’KKSlON  ANH  THK  STKl’C- 
IT’HK  OK  SATl’KATKl)  HYDKOCAKHON 
MlXTl'KKS.  AniiliitH'ii  Arta,  7,  277- 

iX.'i  (r.*r>2)  S4-|)l*-mlaT. 

Tin-  nifthod  of  dt  trrniiniiiK  tin-  nunilafr  of  ritiK-** 
in  .xaluralfd  hydriH’arlain  niixture.s  with  .sulli- 
cn  iit  a< curacy  from  the-  .njacific  n-fraction  and 
the-  dispe-raion  wa.s  indicated.  W  ith  thia  method 
the-  rnoUcular  wrijrht  of  the  mixture*  need  not  In* 
known.  Authors’  Ahatrae  t 

Hydrocarbon  Reforming 

llaeiia)'],  \'.  and  Sterha,  M.  J.  I’ V llOl.VTH ' 
AND  (’Al'AKYTlt  DK(  OMI'OSITION  OK 
in'DKOt'AUlUlNS.  I H4l .  Htifi.  (  In  m 11,2073- 
20H1  (l'.».^2)  S<*ptemlM*r. 

In  the  field  of  hydrocarhon  decompoaition  re- 
actiona,  the  year  ending  in  May,  11)52,  has  lH*en 
hiKhliKhled  <!)>■  the  api>earance  and  de.acription 
of  a  variety  of  catalytic  reformitiK  pr<x*easea  for 
the  production  of  aromatics  and  hi^h  octane 
numlxr  Kaaolinea  from  virgin  naphthas.  There 
has  U'eii  a  continued  apixarance  in  the  litera¬ 
ture  of  the  re.sulta  of  research  work  which  elu- 
cidut**a  decomposition  reaction  mechanisms  and 
the  mode  of  catalyst  participation  in  these  re¬ 
actions.  The*  petroleum  refinintr  industry  is  Ktv- 
inn  an  increasiiiK  amount  of  attention  to  the 
production  of  petrochemicals,  particularly  aro¬ 
matics  and  ^■thyl»•ne.  ('atal.vtic  cracking  capac¬ 
ity  and  catalyst  manufacturing  facilities  con- 
timn*  to  increase.  CokiiiK  jirocesses  have  re¬ 
ceived  jrreater  than  usual  attention,  during  the 
jia.st  year,  in  tla*  industrial  literature  on  thermal 
crackinjr  Authors’  .Abstract 

Pure  Tar  Acids 

.Savitt.  S.  .\.  and  Othmer.  1>.  K.  SKPAUATlON 
(tK  m-  AND  p-CKKSOKS  KKt).M  THKIK  MIX- 
rrUKS  lull.  Kutt.  (  h,  >n..  1 1.  2 12S-2  131  ( 11»52) 

( tetoU’r. 

Due  to  ditfereiices  in  the  frt-t'ziiiK  point  curves 
of  meta  and  jiara  cresols  with  In’iizidine,  a 
method  of  separation  involving  precipitatioti  of 
para-cn.sol  with  this  reagent  has  been  devi.sed. 
This  si’paration  is  etT*‘cted  in  fewer  steps  than 
the  original  procedure  of  Bentley.  Purities  as 
luKh  as  US';  can  la*  obtainetl  as  compared  with 
S5'.  by  the  BentU*y  method.  R  Parker 


Adsorption 

BrowniiiK,  K.  M.  ADSORPTION:  VAPOR 
PHASK  PROCKSSKS  SERVE  INDUSTRY 
WEEK.  CInm.  h'mi..  •'•D.  158-161  (1952)  Oc- 
tolxr. 

Solvent  recovery  by  means  of  activated  carbon 
in  fixed-la*d  units  can  la?  u.s»*d  to  recover  almost 
all  commonly  used  industrial  .solvents,  with 
overall  recovery  etliciencies  of  80-9575 .  A  new 
prcK'ess,  called  hy|a*rsorption,  employs  a  mov¬ 
ing  bed  of  activated  carbon  for  the  .separation 
of  hydrocarlKins.  Purification  of  industrial 
Kases  is  accomplished  at  elevated  pressures 
iisiiiK  thick  Ixds  of  activated  carbon.  The  usual 
industrial  dehydration  ad.sorla-nts  are  silica  trel, 
activated  alumina  and  activated  bauxite  In 
fixed-lM‘d  units.  J.  D.  Parent 

HelbiK,  W.  A.  ADSORPTION:  LIOUID 
PHASE  PROUESSES  ARK  IMPORTANT. 

(  In  HI.  HhH:  59,  153-157  (1952)  Octoln’r. 

This  article  discusses  the  selection  of  the  proper 
adsorlx-nt  for  liejuid  phase  systems,  as  well  as 
the  considerations  which  enter  into  the  choice 
between  the  |*owilered  or  Kfanular  forms,  the 
etfects  of  process  variables  on  the  etliciency  of 
adsorption,  adsorbent  reKeneration  and  the 
(ihysical  projierties  of  adsorlients  which  affect 
the  .selection  of  equipment  and  materials  of  con- 
.struction.  The  advantaxes  of  the  Kreundlich 
adsorption  isotherm  for  evaluating  adsorption 
etliciencies  are  stressed.  ,1.  1).  Parent 

Treybal,  R.  K.  ADSORPTION  TECHNIQUES 
ARK  IDEAL  KOR  DIKKICULT  SEPARA¬ 
TIONS.  <’heni.  Kh!/..  .■)9,  150-152  (1952)  Octo¬ 
ber. 

The  advantages  and  limitations  of  adsorption 
as  a  separation  o|)eration  are  (Miinted  out  be 
comparison  with  the  more  familiar  se))aration 
proce.s.ses  such  as  absorption  and  distillation. 
SeU-ctivity  acconling  to  the  tyin?  of  ab-sorlient 
used  and  the  molecular  weight  and  chemical- 
type  of  ad.sorbate  makes  the  adsorption  methoti 
e.s|)ecially  useful  for  making  diflicult  separa¬ 
tions.  Ad.sorption  processes  such  as  contact  fil¬ 
tration,  ^K'rcolation  or  fixed-l)ed  adsorption  and 
continuous  fractional  ad.sorption  are  described 
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and  relatwl  to  nioro  familiar  separation  proc¬ 
esses  in  an  attempt  to  understand  their  charac¬ 
teristics.  J.  D.  Parent 

Heat  Transfer 

t'arberry,  J.  J.  Re,  Pr,  Nu,  St,  Pe:  WHAT'S 
THKIR  REAL  SIGNIFICANCE?  Chem.  Eng.. 
59,  144-148  (1952)  September. 

The  author  presents  a  review  of  the  current 
literature  on  the  application  of  the  three  basic 
dimensionless  groups  to  ma.ss  and  heat  transfer. 
The  material  presented  is  a  restatement  of  the 
ideas  pre.sented  by  Reynolds,  and  their  further 
developments  up  to  and  including  the  work  of 
Martinelli.  The  ideas  and  basis  for  "J”  factors 
and  mixing  length  as  well  as  the  physical  con¬ 
cepts  of  the  dimenaionle.ss  groups  are  di,scu.ssed. 

R.  E.  Peck 

Dolezal,  R.  IMPROVED  UTILIZATION  OF 
WASTE  HEAT.  Comhustiou.  24,  57-58  (1952) 
September. 

Thin-walled  tubes  of  a  smaller  diameter  were 
inserted  into  the  existing  tubes  of  a  waste-heat 
boiler  thereby  increasing  the  heat  transfer 
through  the  tubes.  Under  this  arrangement 
there  is  the  added  heat  transfer  by  radiation 
from  the  inner  to  the  external  tube.  Improved 
efliciency  and  increased  output  resulted  with  no 
difficulty  with  the  exhaust  gas  stream  due  to  the 
modification.  E.  J.  Pyrcioch 

Oxygen  Plants 

Roberts,  I.  TONNAGE  OXYGEN  PLANTS. 
Refrigerating  Eng.,  fiO,  950-95;i,  992-996  ( 1952) 
September. 

Engineering  factors  are  di.scu.s.sed  in  the  design 
of  the  di.stillation  plant  operating  at  -  300  F., 
including  the  arrangement  of  the  cold  box,  in¬ 
sulation,  valves  and  seals. 

C.  von  Fredersdorff 

Water  Supply 

THE  WORLD  OF  WATER.  Roieer,  96,  ,73-118 
( 19.52)  September. 

A  thorough  and  complete  survey  is  given  of  all 
of  the  current  major  problems  in  .securing  a 
IH-rmanent  and  .satisfactory  water  supply.  Part 
one  explains  the  sources  of  water  supply  and 
how  it  is  carried ;  part  two  gives  j)ertinent  in¬ 
formation  nee<le«l  in  planning  a  complete  water 
supply  for  an  industrial  plant.  W.  G.  Bair 


11.  PROCESS  EQUIPMENT 
AND  INSTRUMENTATION 
Ga«  Meter 

Mellen,  G.  L.  (assigned  to  National  Research 
Corp.)  VELOCITY  METERING  OF  GAS 
FLOW.  U.S.  2,611,268  (1952)  September '23. 
The  meter  consi.st8  of  a  .source  of  ionizing  activ¬ 
ity  positioned  in  such  a  way  that  equal  numbers 
of  ions  are  collected  at  two  .sets  of  electrwles 
when  the  gas  is  not  moving  between  them. 

I.  P.  Patel 


Ga*  Mixing 

CHICAGO'S  NATURAL  GAS  JET  “PULLS" 
MANUFACTURED  GAS  INTO  SYSTEM. 
dan,  28,  .‘{8-39  (1952)  Septeml)er. 

The  pressure  of  the  incoming  natural  gas  is 
used  to  “pull”  the  manufacture<l  gas  into  the 
system  and  to  deliver  the  mixture  at  the  re¬ 
quired  pressure.  FL  F'.  Searight 

Network  Analyxer 

Barker,  C.  L.  COMPUTING  FLOW  CONDI¬ 
TIONS  IN  GAS  LINF:s  with  the  McILROY 
ANALYZER.  Pipe  Line  Sen  s,  24.  21,  ‘22  ( 1952) 
August. 

The  article  is  a  description  of  the  Mcllroy  net¬ 
work  analyzer,  and  a  brief  explanation  of  its 
operation.  It  also  includes  tables  of  results  from 
a  problem  worked  to  illustrate  the  use  of  the 
analyzer.  R.  A.  Brown 

Haupt,  L.  M.  PIPE  LINE  F'LUID  NETWORK 
CALCULATOR.  Petroleum  Eng.,  24,  D33-D34 
(1952)  September. 

The  problem  of  determining  flow  distribution 
and  head  loss  in  large  fluid  systems,  the  funda¬ 
mental  relationships  involved,  and  the  linear 
and  non-linear  types  of  network  analyzers  are 
pre.sented.  A  .sample  problem  is  .set  up  and 
solved  using  the  latter  tyi)e  of  network  calcu¬ 
lator.  R.  A.  Brown 

Pipe  Line  Testing 

Brinckley,  M.  J.  USE  OF  PIGS  IN  HYDRO¬ 
STATIC  TESTS  OF  LARGE  PIPE  LINES. 
Pipe  Line  Sews,  24,  33-37  ( 1952)  September. 

Procedures  were  developed  for  the  u.se  of  pigs 
in  hydrostatic  testing  of  .30-inch  pipe  lines  from 
experience  gained  for  following  their  u.se  in  sev¬ 
eral  sections  of  gas  pii>e  line  during  both  the 
water  filling  and  meter  removal  ojierations.  A 
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of  the  tup  of  the  piiM^linc  plotted  aitain.st 
a  preaaure  .scale  reprewiitiiijf  the  static  head  of 
water  is  eswritial.  Anticipated  pre.ssures  which 
will  occur  durintr  the  movement  of  the  pijt 
should  U*  plotted.  i’lannitiK  for  the  test  should 
take  into  account  such  additional  factors  as 
pre.ssures,  volumes,  time,  water  and  jfas  supply 
points,  and  |sjints  where  vr«'<  and  meter  may  be 
released  from  the  line.  K.  J.  Pyrcioch 

The  following  article,  the  abstract  for  which 
ap|>ears  on  the  patfe  indicate«l,  is  also  called  to 
your  attention; 

Kachfor.l,  H.  II..  Jr.  KLKCTRONK’  COM- 
ITTOKS  IN  CAlJT  LATlNt;  M 

P  2:56 

12.  MATERIALS  OF 
CONSTRUCTION 
Cathodic  Protection 

Howell,  R.  P.  POTKNTIAL  MKASURE- 
•MKNTS  IN  ('ATHODir  PROTECTION  I)E- 
.SKI.NS.  Co»»osio«,  H,  ;5(M(-;504  (  11152 i  Septem- 
la-r. 

Criteria  for  determining  effective  cathralic  pro¬ 
tection  are  listed  as:  1 )  Current  density;  u.seful 
w  hei\  current  density  required  for  protection  is 
known  and  the  desijrn  of  the  structure  lends  it¬ 
self  to  rea.sonably  accurate  iletermination  of 
current  pickup.  2)  Potential  chantfc;  the  author 
Udieves  a  potential  change  of  0.:5  volt  is  ade- 
•luate  but  suspects  it  results  in  over-protection. 
Polarization  effects  may  obscure  significance  of 
measurements.  It)  Current-potential  curves; 
elaborate  equipment  is  required  and  the  methorl 
is  time  consuming.  J)  CopiH'r-sulfate  Potential: 
the  accepted  criterion  of  0.85  volt  loses  some  of 
its  validity  in  highly  aerated  .soils.  Methods,  in- 
slrunuoits,  technitpies  and  examples  of  jtotential 
measurements  are  given.  Multiple-n*ctitier  .sy.s- 
t»‘ms.  pipe  lines  in  salt  water,  .steel  structures  in 
salt  water,  and  oil  and  gas  well  casings  are  con¬ 
sidered.  Author’s  Abstract 

Coatings 

PREVENTION  OF  .MACHINERY  CORRO- 
.''lON.  Inti.  Finishhifi  (British),  .5,  102-11:5 
( 11)52)  SeptemlHT. 

The  article  contains  .some  interesting  color 
photograjths  tif  corrosion  of  stainless  and  plain 
steel  sluiwing  the  effects  of  jirotective  coatings. 

W.  tl.  Bair 


Corrosion  Inhibitors 

Eytle,  M.  L.  (assigned  to  Standard  Oil  Develop¬ 
ment  (’o.)  PROCESS  FOR  INHIBITING  COR¬ 
ROSION  IN  OIL  WELLS.  U.  S.  2.614.1)80;  981 ; 
1)82;  98:5.  (1952)  Octolajr  21. 

.An  inhibitor  is  claimed  for  reducing  oil-well 
corrosion  by  H2S  and  CO-  resi)ectivtly  in  the 
first  pair  of  patent.s,  which  is  formed  by  re¬ 
acting  1  to  5  parts  fatty  acids  or  oil  (tung, 
cotton.seed,  menhaden)  with  1  part  of  trie¬ 
thanolamine  or  triamylamine  at  1500  to  550°  F. 
In  the  .second  pair  of  patents  similar  inhibitors 
are  formed  from  1  to  3  parts  fatty  compounds 
with  jMilyethylene  glycols.  The  prorlucts  are 
effective  at  concentrations  of  0.005  to  {).iyr  by 
volume.  O.  P.  Brysch 

Fire  Retardants 

Suggitt,  J.  W.  EVALUATION  OF  FIRE  RE¬ 
TARDANT  PAINTS.  Can.  Chtm.  {‘roctssinn, 
:56.  90.  91  (1952)  September. 

The  repriwlucible  tests  developc'd  at  the  Ontario 
Hydro  Re.search  Laboratory  give  a  reliable  esti¬ 
mate  of  fire  retardant  properties.  In  all,  six 
types  of  coatings  were  tested  for  their  fire-re¬ 
tardant  ability.  Other  projiertie.s  including 
washability,  workability,  appt'arance  and  ad¬ 
hesion,  covering  power,  drjing  time,  and  Ham- 
mability  of  the  paint  during  application  were 
al.so  tested.  Author’s  Ab.stract 

Structural  Carbons 

Oliver,  J.  P.  CARBON  AND  GRAPHITE. 
C'hrni.  Fiifi.,  .59,  276-278  (1952)  September. 

The  corrosion  resistance  properties  of  carbon 
and  graphite  including  the  impervious  varieties 
are  pre.sented,  along  with  data  on  their  physical 
properties,  available  forms  and  applications. 
Chemical  resistance  to  the  action  of  most  acids, 
alkalis,  organic  compounds  and  other  chemicals 
not  characterized  as  strong  oxidizing  agents  has 
led  to  the  widespread  use  of  carbon  and  graph¬ 
ite  as  con.struction  materials  in  the  chemical  in- 
tlu.stry.  The  imia*rvious  forms  are  made  by  im¬ 
pregnating  graphite,  (which  is  not  entirely 
imi)ermeable  to  fluids)  with  chemical  resDtant, 
thermosetting  resins.  Chemical  resistance  prop¬ 
erties  of  impervious  carbon  and  graphite  at 
various  temiH'ratures  and  concentrations  of 
chemicals  are  shown  in  chart-form. 

R.  J.  Denni.son 
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PREFACE 


This  liiilU'titi  is  th*-  t«-nth  in  a  s«‘ri*-s  of  puhlirations  on  rosoarch 
roialtirtod  in  tho  lalsiraforios  of  thr  Institutr  of  (las  TiThnolojry.  The 
work  <les<Tils-il  in  this  Inilletin  is  a  continuation  of  the  study  of  “Catalysts 
for  (lasciiiis  React  ions,"  *  I’roject  (T’K-7,  sisuisored  hy  the  (las  l’r»Kluction 
Research  Cornniittee  under  the  PAR  ( Promotion-Advertisinjf-Resj'arch) 
Plan  of  th«'  American  (las  AssiK-iation.  This  re|Mirt  presents  two  phases 
of  that  prottram  conducteil  during  lltoO; 

1  (  Stuil>  of  the  efTis'ts  of  s|s-citic  sulfur  com|Miunds,  with  ami  without 
prm-ess  air  additions,  uisui  the  catalytic  steam-K't'^ttication  of  natural 
y'asoline  into  Idue  ^as  eipiivalents  when  usin^  a  commercial  nickel 
catalyst. 

^  2(  The  dev«-lopment  of  a  “sulfur-active"  catalyst  of  nickel  sulfide  for 

the  steam  conversion  of  natural  i;as  into  carlKin  monoxidi*  and 
hydrovreii,  such  a  catalyst  nspiirinjf  hydrojren  sulfide  in  the  reactinjr 
y'a.ses  to  maintain  the  catalyst  in  a  sulfided  state. 

The  first  phase  of  the  projrram  has  been  financed  hy  the  (las  Production 
Re.search  Committee,  and  the  .second  phase  hy  the  International  Nickel 
Company  as  a  c<Mi|KTative  project  with  the  (las  Production  Re.search 
Committee. 

The  Km<l«iH'e  of  the  Suts-rvisiiijr  Committee  in  plannin>r  the  work  is 
Ifratefully  acknow  ledjred.  T.  I,.  Rohey,  Coordinator  of  (las  Production 
^  Research,  and  N.  K.  Chaney,  Research  Consultant,  have  provideil  helpful 

lontrihutions  in  orieiitimr  the  investigations.  The  followiiiK  memliers  of 
the  .staff  of  the  Institute  of  (las  Technolo>r.v  participated  in  the  expi-rimental 
work:  II.  A.  Dirk.sen,  M.  Kovacic,  J.  Mcdarvey,  C.  Pierson,  I).  Werle, 
and  1.  Williams,  umler  the  sutM-rvision  of  Dr.  ('.  U.  Riesz. 

Chicago,  Illinois  K.  S.  PKTTV.loilN,  lUrtctnr 

Septemher,  P.ir>l  Institute  of  (las  Technolojry 
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ABSTRACT 


By  tho  lK‘}?iiiiiin>r  of  it  was  appamit  that  catalytic  cracking  had 
achieved  acceptance  as  an  inn»ortant  means  of  priHluciti);  peak  load  a!»d 
base  load  water  jras  etpiivalents.  es|H*cially  in  the  Kastern  ari'a  of  the  l'nite«l 
States.  This  acceptance  had  In'en  predicate*!  ii|mhi  the  n.se  of  low-sulfnr 
feed  st«K‘ks  to  avoi<l  the  investment  costs  of  siilfiir-inirifyinjr  e«juipm«'nt 
hitherto  considered  necessary  when  iisiny  hi^rhly  active  nickel  catalysts. 

The  work  de.scriln'd  herein  was  conducted  during  1950  anil  was  directed 
to  a  determination  of  the  etTt*cts  of  various  kiiuls  of  orjranic  sulfur  and  the 
amounts  which  indu.strial  units  mijfht  \h  exjK-cted  to  tolerate  when  operated 
for  the  production  of  fuel  A  systematic  study  was  made  of  the  relative 
IH-rformance  life  and  activity  of  a  commercial  nickel  cataly.st  when  .steam- 
jrasifyintr  a  natural  ya.soline  to  which  various  sulfur  com|»ounds  were  added 
in  contrrdled  concentrations. 

The  results  ohtained  in  this  limited  laboratory  .sy.stem  ajipear  to  have 
broad  siKniticance.  First,  the  catalyst  life,  or  cajiacity  Ud'ore  reKcneration 
becomes  necessary,  and  the  cataly.st  coinersion  etliciency,  are  found  to  vary 
widely  and  independently  with  the  kind  as  well  as  the  amount  of  sulfur 
com|K)und  jire.sent. 

Second,  the  jierformance  of  nickel  cataly.sts  in  the  pre.sence  of  sulfur 
can  1k>  improved  considerably  by  appropriate  selection  of  feed  rates,  steam 
concentrations,  and  o|H‘ratinK  temperatures.  Specifically,  the  addition  of 
process  air  invariably  len>rthens  the  operatinjr  jieriod  before  re^reneration 
Id-comes  necessary. 

Third,  no  i>ermanent  impairment  of  the  nickel  catalyst  ni*ed  1h*  caused 
by  sulfur  in  any  amount  or  form  if  pro|H*r  conditions  of  catalyst  re¬ 
generation  are  observed.  In  every  ca.se  it  was  found  |M»ssible  to  restore  the 
catalyst  to  its  original  etfectivene.ss,  jirovided  excessive  temin-ratures 
durinjr  rejeeneration  were  avoided.  Thus  the  economics  of  sulfur  puri¬ 
fication  is  directly  resolvable  by  balancitiK  its  cost  aKainst  the  loss  of  plant 
capacity  ilue  to  downtime  for  catalyst  regeneration  and  to  decreased 
catalyst  activity. 

As  an  alternative  approach  .some  “sulfur-active”  nickel  sulfide  cata¬ 
lysts,  prejiared  under  the  auspices  of  the  International  Nickel  ('ompany 
at  Mellon  In.stitute,  were  tested  for  u.se  in  catalytic  crackiiiK.  Kesults 
obtained  in  the  catalytic  .steam  reformiiiK  <»f  natural  jras  indicate  that  at 
the  relatively  lower  temjarature  levels  required,  nickel  sulfide  catalysts 
are  not  sufficiently  active  to  be  com|H-titive  with  the  commercial  metallic 
nickel  catalysts  now  in  use. 
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SULFUR  POISONING  OF  NICKEL  CATALYSTS 


THE  PROBLEM 


Industrial  applications  of  catalysis  for  Kas  manufacture  by  public 
utilities  in  the  United  States  are  relatively  new  and  thus  far  have  tH>en 
limite<l  to  reactions  la-tween  hydnaarlwns  and  steam  for  the  production 
of  blue  jrns  equivalents.  Commercial  crackiiiK  cataly.sts  u.sed  in  these 
installations  consist  of  metallic  nickel  suitably  ilisia-rsetl  u|M)n  |>«»rous 
ceramic  supintrts.  The  capacity  and  oiH-ratin>?  etiiciency  of  the.se  plants 
have  been  reducwl  through  a  loss  of  activity,  “|M>isonin^r,"  of  the  catalysts 
by  exiMJSure  to  the  amounts  of  sulfur  pre.sent  in  the  hydr(HarlM)n  feed  stta-ks. 

The  objt-ctive  of  the  first  pha.se  »»f  this  inve.stiy'ation  was  to  <letermine 
whether  the  chemical  comiMKsition  of  the  sulfur  compounds  e.xerted  s|H‘citic 
effects  uiM)n  the  severity  or  nature  of  the  catalyst  |)oisoninK,  an<l  h<»w 
these  effects  were  modified  by  the  admixture  of  air  with  the  steam. 

The  objective  of  the  .second  pha.se  of  this  invest  iKation  was  to  determine 
whether  the  problem  of  cataly.st  poisoning:  by  sulfur  compoumis  could  la- 
circumvented  by  the  preparation  of  a  catalytically  active  form  of  nickel 
sulfide,  a  .so-calle<l  "sulfur-active”  catalyst,  which  would  1h-  chemically 
immune  to  further  chaiiKcs  caused  by  reaction  with  sulfur. 
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SUMMARY  AND  CONCLUSIONS 


1.  The  Sulfur  Poisoning  of  Nickel 
Cracking  Catalysts. 

Sulfur  tiiaiiiffsts  itsi'lf  iti  two  dis- 

liiicl  wavs; 

I  I  l>y  acts'Icraf iri).'  the  iiorttial  ratfs  of  varlutri 
<i<  |Misitioii  oil  ami  within  the  catalyst  kiuh- 
ulc.H. 

IJ)  l»y  Icssciiinj;  the  complcti'iicss  of  the  hydio- 
carlxui  convci sioii  to  carhon  monoxide  and 
hvdn  >iren. 

A  method  of  evaluating'  the  first  id'  these  elfects 
IS  hast'd  u|Hin  the  fact  that  the  accumulation  tif 
caiTioiiaceous  ileptisits  on  the  catalyst  >rranules 
linally  Incomes  sutlicientl\  nn-at  to  make  it  ini- 
|M(ssilile  to  maintain  the  initial  rates  of  hydro- 
caiTMin  feed.  Catalyst  l>ed  conilitions  can  he  select- 
eil  so  that  the  lu’essure  dilTerential  across  the  cata- 
l\st  lied  will  rise  slee|)ly  toward  the  close  of  the 
(  lose  of  the  test.  'I'he  operatinir  life  of  the  catalyst, 
thus  indicated,  may  he  expressed  in  terms  of  the 
\ohinie  of  product  "  hich  can  U-  made  per  cuhic 
foot  of  catal.v  sl  before  shutdow  n  is  reiiuired. 

'I’he  second  criterion  of  catalyst  |K‘rformance, 
the  relative  completeness  of  the  h.vdi'iK'arhon  con¬ 
version  to  carhon  monoxide  and  hydroijen,  is  indi¬ 
cated  hy  tile  relative  heatinjr  valu»*s  of  tin*  product 
rtases.  The  heatiny'  values  aie  found  to  Ik‘  s)K“ci- 
lically  alU'cted  hy  the  chemical  comiMisition  as  well 
as  hy  the  amount  of  sulfur  coni|)ounds. 

I'ahle  .\  summarizes  the  exiM-rinu'iital  data  on 
a  series  of  sulfur  compounds  aci'onliny'  to  these 
two  criteria.  'I'he  com|M>unds  are  arraiiyred  in  four 
y'ldups  in  the  order  of  increasinjt  toxicity  as  in¬ 
dicated  hy  decreased  o|H'ratin>r  life  in  the  .MCK  of 
carrier  y'as  made  per  CF  of  catalyst  hefore  re¬ 
generation  was  letpiired  to  remove  deiMisited  car- 
Imiii.  I'he  corres|Hindiny'  data  on  elliciency  of  hy- 
ilrocarhon  conversion  as  measured  hy  the  Htu  of 
the  pi'ixluct  yas  appear  in  flu‘  sirond  column. 
The  numerals  in  the  last  column  re|iresent  the 
relative  order  of  increasiny  toxicity  of  the.se 
sulfur  conijiounds  as  indicated  hy  decreasiny  hy- 
dnK'arhoii  conversion;  it  will  U-  noted  that  there 


TABLE  A 


Effect  of  Type  of  Sulfur  Upon  Conversion  Efficiency 
and  Catalyst  Life 


SULfUR  COMPOUND 


oiu 


kuS 


GROUP  I 


TKiopHen* 

38 

386 

5 

T*rti«ry  Butyl  Mtreapfan 

38 

362 

' 

GROUP  11 

T«rtl«ry  Dod«cyt  Mtrcapttf 

n  33 

383 

4 

Ethyl  M«rc«pt«n 

32 

447 

10 

Hydroqtn  Sulfid* 

29 

417 

8 

GROUP  lit 

Norrr>«l  Propyl  M«rcapt«ft 

23 

377 

2 

Oimtthy)  Sulfide 

20 

410 

6 

Diethyl  Sulfide 

17 

487 

1 1 

GROUP  IV 

Tertiery  Heiadecyl  Mercaptan  I2 

420 

9 

Thiophenol 

1 1 

381 

3 

Carbon  Disulfide 

1 1 

411 

7 

Sulfur  Concentration  Weight  y, 
Oiyqen  Feed  Rate 

0.08  • 

0.002 

Zero 

Gasoline  Feed  Rate 

G«I»/CF  C.t  Hr 

1.25 

0.06 

is  no  relationship  or 

correlation 

between 

catalyst 

service  life  as  determined  hy  rates  of  caiTnin  de¬ 
position,  and  c;'.talyst  conversion  activity  as  de¬ 
termined  hy  the  Htu  of  the  carrier  ya.ses.  The 
loiu  lusioti  indicated  hy  this  evidence  is,  therefore, 
that  the  chemical  composition  of  the  sulfur  exerts 
not  only  specific,  hut  independent,  effects  resjiec- 
tivelv  u|Mtn  the  rates  of  carlMin  de|)osition  and 
upon  the  catalyst  conversion  elliciency. 

.\  possible  clue  to  this  lack  of  correlation  be¬ 
tween  carbon  deposition  and  catalytic  activity  is 
found  in  the  observation  that  sulfur  may  he  re¬ 
tained  by  the  catalyst  after  substantial  removal 
of  the  carhon.  and  that  the  conversion  activity 
of  the  catalyst  is  lowered  hy  such  retention,  and 
restored  by  suhse(|uent  removal  of  the  sulfur. 
'I'liat  is  to  say,  the  acceleration  of  the  normal 
rates  of  carhon  deposition  by  sulfur,  and  the  sul- 
lidiny  of  the  active  tiickel  by  sulfur.  ap|H'ar  to  he 
two  independent  reactions,  the  rates  of  which  are 
independently  alfected  hy  the  chemical  compo¬ 
sition  of  the  sulfur. 
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2.  The  Effect  of  Process  Air  on  Sulfur 
Poisoning. 

This  investiK'atioii  as  suniniariztHl  in  Tahlt*  !’• 
^ho\vs  that  air.  wh»-n  a<lr,iixoil  with  the  pnaess 
'team,  always  leny'theiis  the  serviee  life  of  the 
c-atalyst  hy  re<hu  injr  the  rate  of  carlMiii  aecumula- 
tioii.  .\>;Jiin.  the  dejrrtH-  of  improvement  varies 
with  the  chemical  com|M»sition  of  the  sulfur,  ami 
other  o|H‘iatinK  conditions.  On  the  other  hand,  the 
effect  of  priK-ess  air  u|)on  the  conversion  activity 
or  efficiency  of  the  catalyst  as  determined  by  the 
Htu  of  the  pnaluct  (»n  a  nitrojren-free  basis,  while 
usually  iHUieticial,  ma.v  Ih‘  adverse  as  shown  in  the 
case  of  the  tertiary  butyl  mercajdan  t»‘sts  recorded 
in  Table  Ff. 


3.  Effects  of  Sulfur  Concentration  and 
Rates  of  Hydrocarbon  Feed  Upon  Sul¬ 
fur  Poisoning. 

While  the  chemical  form  of  the  sulfur  ap|H‘ars 
to  alftH  t  the  relative  performance  of  the  catalyst 
with  resjM'ct  to  o|H‘ratin^  life  ami  eflkdency,  the 
order  of  maKfiitude  of  these  effects  may  l>»*  con- 
sideiably  mmlitied  by  the  choice  of  o|M‘ratinK 
conditions  with  res|H*ct  to  steam  ratios,  feed  rates, 
o|H'ratinjr  tem|>eratures.  and  levels  of  sulfur  con¬ 
centration.  Table  ('  summarizes  the  daUi  for:  1) 
the  etT**cf  of  increasing  sulfur  concentrations  in 
the  Ka.soliiie  feed,  and  2)  the  effect  of  increasing 
the  rate  of  jrasoline  feed,  u|M>n  the  catalyst  life  and 
Ittu  of  the  product  jras.  Typical  life  test  curves  at 


table  0 - EFFECT  OF  PROCESS  AIR  UPON  CONVERSION  EFFICIENCY  AND  CATALYST  LIFE 


OPERATING 

CONDITIONS 

CONVERSION 

EFFICIENCY 

Catalyst  life 

Run 

No. 

Sulfur  Compound 

1 

o  o 

u 

£  o 

5^ 

z 

::U 

1 - 

1 

S  o 

>  3 

ZZm 

-.1 

o 

oo 

e**’  2 
•^30 

1 

isi 

all 

79 

None 

0  01 1 

0 

6.6 

3.2 

440 

339 

1390 

141 

94 

so 

None 

GROUP  1 

0012 

088 

6.1 

3  4 

500 

332 

1680 

175 

105 

1 

Thiophene 

0.039 

0 

6.2 

3.3 

180 

669 

600 

21 

29 

6 

0.039 

0.81 

64 

3  2 

370 

458 

1180 

44 

36 

4 

0.079 

0 

8  2 

1.3 

330 

417 

420 

44 

100 

9 

0.079 

0  34 

8  3 

1.3 

410 

363 

520 

55 

1 10 

17 

Tertiary  Butyl  Mercaptan 

0.082 

0 

90 

2.2 

290 

491 

610 

16 

43 

23 

GROUP  11 

0.088 

0.55 

8.6 

2.3 

280 

579 

650 

31 

43 

28 

Ethyl  Mercaptan 

0.0  IS 

0 

6.4 

3.7 

320 

407 

1060 

109 

104 

37 

0.0  IS 

0  84 

6.3 

3.3 

500 

341 

1610 

178 

108 

29 

0.021 

0 

6.3 

3.8 

240 

438 

800 

32 

45 

38 

0.022 

0.80 

6  3 

3  8 

450 

363 

1480 

ISO 

101 

34 

0.082 

0 

6.3 

3.2 

170 

730 

550 

16 

29 

43 

GROUP  III 

0.082 

0  78 

6.4 

3.2 

320 

531 

1000 

51 

48 

S6 

Dimethyl  Sulfide 

0.058 

0 

S.l 

1.3 

310 

394 

400 

16 

35 

60 

GROUP  IV 

0.058 

0.31 

7.7 

1.4 

390 

379 

530 

S3 

102 

63 

Tertiary  Heiadecyl  Mercapta 

n  0.035 

0 

7.9 

1.3 

320 

386 

430 

25 

56 

67 

0.035 

0.33 

8.6 

1.2 

420 

334 

500 

38 

78 

64 

0.046 

0 

8  4 

1.2 

380 

388 

450 

18 

37 

69 

0.046 

0  33 

8.5 

1.2 

400 

353 

500 

32 

65 

72 

Thiophenoi 

0.068 

0 

8  2 

1.3 

330 

390 

440 

16 

35 

73 

0.068 

0  34 

8.4 

12 

390 

374 

480 

49 

106 

74 

Carbon  Disulfide 

0.080 

0 

8.1 

1.3 

200 

411 

260 

II 

31 

75 

0.080 

0.27 

8.7 

1  2 

360 

396 

400 

38 

95 
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TABLE  C 


EFFECT  OF  SULFUR  CONCENTRATION  AND  GASOLINE  FEED  RATE  UPON  CONVERSION 
EFFICIENCY  AND  CATALYST  LIFE 


OFfRATlNG  CONDITIONS 


CONVERSION 

EFFICIENCY 


Catalyst  life 


No 


SyHur  CompoMfid 


^ 


*4.1 

o 

uo 


) 

TKiopKfpt* 

0  0S2 

0 

1  1 

4 

0079 

0 

1  2 

S 

0  013 

0 

II 

IS 

T*rti«ry  Butyl  M«rc«pt«n 

ooso 

0 

9  4 

16 

0077 

0 

lO.I 

II 

0  124 

0 

19 

19 

GROUP  II 

0  141 

0 

7  7 

21 

EtKyl  M*rc«pt4in 

OOlS 

0 

6  4 

30 

0  024 

0 

6  3 

34 

0.012 

0 

6  3 

36 

0012 

0 

7  4 

37 

0.0  IS 

014 

6  3 

31 

0  022 

0.10 

6  3 

39 

0  042 

0.70 

'  6  4 

43 

0012 

0  71 

64 

41 

Hydfoq^ft  Sullid* 

0.031 

0S3 

6  4 

49 

0  040 

OSO 

6  2 

SO 

OOSI 

0.S4 

6  2 

SI 

GROUP  III 

0  010 

OSS 

6S 

S6 

Dimethyl  Sulfide 

O.OSI 

0 

8.1 

SI 

GROUP  IV 

0.079 

0 

8  4 

63 

T*rti«ryH«ied«cyiMerc«pt<ir 

1  0.03S 

0 

7  9 

64 

0  046 

0 

84 

66 

0.121 

0 

84 

67 

0  03S 

0  33 

8  6 

61 

003S 

0  71 

6  2 

|■^•lat ivcly  liijrh  jra.soliiu'  I'<‘»“<1  ratfs  are  slaiwii  in 
Kijf  1  for  tin-  sulfur  lompouiul,  ethyl  niereaptaii 
(Clrouii  11.  Talile  .A),  in  whieh  the  (lro|>  in  space¬ 
time  >  ields  of  cairier  nas  is  plotted  ajrainst  the 
houi's  of  service  life  for  increasiii};  concentra¬ 
tions  of  sulfur.  Initli  with  and  without  proce.ss 
air.  l-'ijt.  2  contains  a  series  of  life  curves,  ob¬ 
tained  uiidi'i  the  same  conditions,  in  which  the 
vrasiticatioii  yields  of  carrier  >ras  are  plotted 
aLrainst  hours  of  service  life,  riius.  Kijr.  2  indi¬ 
cates  the  loss  in  catalyst  etliciency,  and  l•'i^r.  1 
tlu*  loss  in  catalyst  production  cajiacity  with  time, 
under  till'  conditions  stated.  These  data  indicate, 


13 

490 

444 

370 

28 

72 

13 

330 

417 

420 

44 

100 

1.3 

390 

3SS 

SOO 

31 

66 

l.l 

340 

390 

310 

39 

107 

1.0 

370 

362 

3  SO 

38 

107 

l.l 

330 

3S2 

380 

IS 

no 

14 

290 

394 

440 

42 

36 

3  7 

320 

407 

1060 

109 

104 

3.7 

300 

436 

970 

80 

81 

3.2 

170 

730 

SSO 

16 

29 

14 

240 

495 

330 

34 

87 

3.3 

SOO 

341 

1610 

178 

108 

3  8 

450 

363 

1480 

ISO 

101 

3  2 

380 

421 

1230 

128 

105 

3.2 

320 

531 

1000 

51 

48 

2  1 

290 

528 

630 

44 

72 

2.2 

240 

659 

S40 

3S 

61 

2.2 

240 

796 

S20 

26 

48 

2  1 

230 

751 

490 

19 

39 

13 

310 

394 

400 

16 

3S 

1  2 

290 

443 

360 

20 

51 

1.3 

320 

386 

430 

25 

56 

1.2 

380 

388 

4S0 

18 

37 

1.3 

280 

464 

3  SO 

5.2 

15 

1.2 

420 

334 

SOO 

38 

78 

3.3 

340 

470 

1170 

15 

13 

as  would  be  exjH'ctetl,  that  increases  in  the  con¬ 
centration  of  a  Ki'en  kind  <d'  sulfur  under  Kiven 
operatin^r  conditions  tend  to  reduce  both  the  cata¬ 
lyst  life  and  the  cataly.sf  activity.  Likewise,  that  in 
ireiieral  an  increase  in  the  feed  rates  or  the  space 
veliKUties  will  have  a  similar  effect.  There  is  no 
necessary  proportionality,  however,  between  the 
chanties  in  these  variables  and  the  maErnitude  of 
the  ellects.  The  siH'cilicity  of  chemical  composi¬ 
tion  is  frecpuMitly  in  evidence.  Thus,  the  present 
.studies  are  desivrned  to  show  the  relative  effects 
of  certain  variables  and  to  indicati-  trends  and 
orders  of  mayrniUide,  rather  than  to  iirovide  pr«‘- 
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t'l-o-  <|uatit it;it i\ <•  (lata  iliri-ctly  a|i|>lit'alil<‘  to  plaiit- 
S4  al<'  o|HTat ion.«i. 

'Phi.M  work  ha.s  Im«ii  (onlintd  to  om-  kind  of 
ratjilvst,  niikfl,  on  oin*  kind  of  catalyst  snpiMirt. 
within  a  strictly  liniitcd  rany'c  of  o;«-ratiny'  \ari- 
ahh-s,  whcrcits  dilTcrcnc<-s  in  the  ilirncnsions  and 
resistance  to  y'as  Mow  of  the  catalyst  hed.  the 
presence  or  absence  of  preheat  /.ones,  and  the 
kind  of  latalvst  siip|sirt invr  material  iiism  which 
the  a»‘ti\e  nu’kel  is  dispersed,  may  he  exis-i-ted 
to  alTect  the  o\er-all  levels  of  catalyst  (s-rforiii- 
ance,  It  is  of  interest,  however,  that  comparison; 
with  av.'iilahle  plant  data  indicate  that  similar 
orilers  <d'  rnaKtiitwde  for  catalyst  life  between  the 
rejfeneration  is-rioils  are  observed  with  similar 
sulfur  concentrations.  Since  tiu*  chemical  charac¬ 
ter  of  the  sulfur  in  the  trasoline  it.self  is  unknown, 
more  precise  correlations  <-ould  not  Is-  exis-cted.  * 
The  im|M)rtant  isiint  of  a^rreem«•nt  between  the 
laboratory  and  plant  lindinKs  is  that  in  the  con¬ 
version  (d'  hydns’arbons  to  carbon  monoxide  and 
hydroy'en  by  steam,  no  is-rmanent  impairment  of 
a  nickel  catalyst  nee<l  iK-cur  as  a  result  of  its  pro¬ 
longed  ex|)osure  to  hijfh  lonceiit ration  of  sulfur. 
If  injury  occurs  it  is  the  result  of  im]iro|s'r  prac¬ 
tices  in  catalyst  rey'eneration.  This  simplilies  the 
approach  to  the  economic  (|uestion  <d'  sulfur  puri¬ 
fication.  Thus.  provi(h‘d  the  Ittu  or  ci>nversion 
etiicienev  levels  obtainable  with  any  sulfur 

load  meet  the  retpiirements  of  the  user,  the  costs 
of  increased  sulfur  puritiiation  may  be  balanced 
ilirectlv  a^Minst  the  costs  of  the  larjrer  catalyst  in¬ 
stallation  re«|uired  to  provide  the  necessary  down¬ 
time  for  catalyst  revreiierat  ion. 

4.  Regeneration  of  Nickel  Catalysts. 

Tins  work  has  cotdirmed  prev  ions  ex|H‘rience  in 
the  prosecutioit  of  this  re.s«‘arch  project,  that  no 


IJisciorh  Kullctiii  Nil.  Priiji-il  PK-Ti,  .Viiu-iiiuii  (!as 
ViKin  ialiim.  New  ^  m  k  (  lU.M  i,  “Peak  I.<iail  (iai  liy  ( 'ataly- 
tu  IJefiii  iiiinir  aiul  vii  lhatiatiiin  fioiii  Cnmiiiei  rial  .Siilfur- 
IteaiiiiK  Naiilnlia." 


peirnaneiit  impaiiment  <d'  catalytic  activity  di¬ 
rectly  lesiilts  from  th  •  ulfur  iMiisoninyr  mentione*! 
alxive.  It  has  been  foutid  isissible  to  u.se  the  same 
catalyst  after  rejs-ated  revivification  with  no  ob- 
seivable  dilleretices  in  its  life  or  conversion  activ¬ 
ity.  However,  nickel  latalysts  can  be  .seriously 
and  iM-rmanently  damaj.'ed  by  overheiitinjf,  and 
are  particularly  subject  to  this  kind  of  injury 
durinyr  revivification  if  a|)f>reciable  amounts  of  car- 
Imiii  have  accumulated  and  are  burned  off  undei 
conditions  which  allow  excessive  local  oveih*‘at- 
inj;.  'riius,  proiK'r  contiol  of  the  regeneiation  pro¬ 
cedures  is  of  the  utmost  irn|M>rtance.  This  is 
further  discussi'd  on  |)aKe  1  I.  It  may  Ik*  noted 
that  rt treneiation  must  Ik*  comi>leted  with  res|M*ct 
to  sulfur  as  well  as  to  carbon. 

I’rtKess  air  may  Ik*  substituted  for  stesim  to  a 
limit»*d  extent.  Optimum  results  were  obtained 
usinjt  one-third  of  a  mole  of  process  air  per  mole 
<if  carlMui  accompani***!  by  a  reduction  in  the  pna*- 
ess  steam  from  8  moles  to  fJ  moles  |M*r  mole  of  car¬ 
bon.  .Attempts  to  use  prcK’ess  air  in  the  amounts 
of  one  mole  of  air  |K*r  mol»*  of  carbon  with  a  reduc¬ 
tion  in  itrtKess  steam  from  8  to  moU's  iK*r  mole  of 
carbon  rt*sulte(l  in  reduct*d  activity  and  conversion 
eMicir*ncv  and  in  excessively  hiKh  nitrogen  contents 
in  the  carrier  yrases.  Tin*  n*sults  obtained  are  in- 
cluile«l  in  Table  I  itt  the  A|)pendix  ( payre  20) .  These 
<*fT»*cts  should  be  borne  in  mind  when  .setting  uf) 
olK*ratinvr  conditions  in  plants. 

5.  The  Preference  for  Nickel  Catalysts  in 
Hydrocarbon  Cracking. 

KavorabK*  claims  havt*  been  made  by  F'.nyriish 
invest ijk'ators  for  alkali  and  alkaline-v*arth  cata¬ 
lysts.  Laboratory  tv'sts  conduct»*d  in  connection 
with  this  fiioject  indicatv*  that  the.se  catalysts 
do  not  meet  the  operating  renuirernents  of  Ameri¬ 
can  practice  in  the  steam  conversion  of  hydro- 
carlion  yrn-'^es  and  vaj)ors  to  carbon  monoxide  and 
hydrojfen.  Nickel  is  preft*rred,  despite  its  reipiire- 
meiits  for  n*yrv*tn*ration  in  the  presence  <)f  sulfur. 
bt*cause  it  affords  subsf ant  ially  higher  space  ve- 
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DURATION  OF  TEST,  HOURS 


Fig.  2.— INFLUENCE  OF  SULFUR  CONCENTRATION  UPON  GASIFICATION  YIELD 
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with  MciiiriipafiviriK'  rt-diK  timis  in  plant 
itiv«->itrn<‘nl  Thf  co:*!  of  nit  kol  tataly.»t.s  (ht 

.Mt'K  of  |.'as  iiriKhiffil  has  l>o*-n  fontul  to  he  ex- 
trt-rncly  small,  comparocl  to  raw  material  and 
othiT  o|M-ratin>;  losts, 

6.  Sulfur-Active  Catalysts 

A  sulfur-act ivf  latalyst  is  charaitcri/.cd  hy  the 
rtHpiircmcnt  that  a  c«;rtain  concentration  id’  sul¬ 
fur  III  the  >fas  phase  is  necessary  to  maintain  the 
latalyst  in  the  siiltide  form.  The  catalyst  evalua¬ 
tion  stud.v  consisted  of  testing'  three  alternatives 
in  the  nickel-nickel  sultide  .system.  The  first  studied 
was  a  nickel-nickel  sultide  solid  catalyst  with  a 
riieltiii^r  |Miint  of  ap|iroximatel\  1  liiti  K;  catalyst 
activity  in  this  temperature  ranjre  was  too  low 
for  practical  us*-.  The  second  was  a  solid  eutectic 
mixture  of  Ni,S  ;  catalyst  activity  was  tiM>  low 
and  tempi-rature  control  too  critical  for  practical 
USI-.  The  third  was  nickel  sultide  imprevriiated  on 
l‘or<Hel.  a  comnierciallv  available  bauxite  carrier, 
promoted  with  alumina  (O.l-l.r,  mole  basis)  to 
retain  the  molten  nickel  sub-siillide  |M>ssiblv  by 
means  id'  some  sort  of  wettinyi  action.  This  cata- 


Ivsf  exhibited  n  asonable  activity  at  tem|H‘rature.s 
of  1  I.Mi  to  1  lltu  K,  the  nickel  sub-sulfide  meltinjr 
ranjre.  Some  te.-ts  made  at  ITtHI  F  required  ap¬ 
proximately  l.uuu  vrr.  of  II  S  jn-r  CCF'  in  the 
natural  y'as  charp'eil  to  insure  necessary  stability 
of  the  sultide  catalyst.  .\  sharp  loss  in  activity 
occurred  when  the  hyilro^ren  sultide  concentration 
was  decreased  ImIovv  this  limit. 

Cnder  favorable  circumstances,  the  |H*rform- 
ance  of  fhi'  nickel  sub-sulfide  catalyst  was  con¬ 
siderably  lower  than  that  of  a  sulfur-sensitive 
catalyst  o|Huatinjr  at  hijrh  ( IToU-lS-'iO  F)  tem¬ 
peratures.  The  attack  of  the  sulfur  utilized  to  sta¬ 
bilize  the  cataly.st  resulted  in  jHTforation  of  the 
alloy  metal  tubes  after  lirief  i>eriod.s  of  operation. 
.\ttempts  to  substitute  ceramic  coated  tubes  were 
unsuccessful;  a  satisfactory  .solution  of  the  re¬ 
actor  tube  corrosion  problem  remains  to  be  found. 
Possible  industrial  aiqilicatioii  of  the  sub-sulfide 
catalvst  appears  to  Im-  limited  to  siM'citic  situations 
where  lai'vre  quantitii“s  of  sulfur  are  normally 
as.sociated  with  the  hydriKarbon  fei'd  and  when- 
the  presence  of  substantial  quantities  of  sulfur 
may  be  tolerated  in  the  finished  jras. 
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DISCUSSION  OF  RESULTS 

General  Aspects  of  Catalyst  Poisoning  by  Sulfur 


Sulfur  i-tmtaniination  of  foods! tK’ks  has  always 
ht'oii  a  major  prohlom  in  oatal\tio  prooossos  oni- 
ployinjr  niokol.  Thoso  procossos  havo  hooomo  i>f 
intorost  to  tho  >ras  industry  hooauso  of  root-nt 
commorcial  installations  in  tho  Kastorn  statos  for 
rnakinK  carrior  jras  (hluo  Kas  o(|uivalonts(  from 
hydnaarhons  and  stoam.  Substantial  oiuourajfo- 
mont  was  jrivon  to  thoso  dovi-lopmonts  hy  labora¬ 
tory  studi»-s  showinjr  that  sulfur  in  tho  amounts 
prosontly  ocoourriiiK  in  tho  availahlo  foodstinks. 
such  as  natural  jras,  propano,  hutano  and  ndinod 
Kasolinos.  would  not  rciiuirc-  installation  of  ad¬ 
ditional  purification  cHiuiprnont. 

\’ariations  in  tho  sulfur  content  of  tho  alxivo 
raw  matorials  aro  aiiprcaiahU'.  This  work  shows 
that  tho  kind  as  woll  as  tho  amounts  of  sulfur  will 
atTc^ct  both  tho  frociuonoy  of  catalyst  ro^mnoration 
and  tho  oomplotonoss  of  hydrooarhon  convorsion 
and  thus  will  inlluoncc-  1 )  tho  suitability  of  tho 
ond  products  for  any  ^dvon  proce  ss  re-ejuiremie-nts. 
and  2)  tho  amounts  of  catalyst  which  will  U*  re‘- 
(piire-d  to  me‘ot  spe-cifiod  load  demands.  The*  immo- 


eliato  e*conomics  of  hydroc’arlMui  crackiii)?  has 
shown  tho  de'sirahility  of  dove  leipinjr  more*  eiuanti- 
tativo  me-thoils  for  ele-torminiiiK  tho  e'ffcHts  of  the- 
kind  anel  amounts  eif  sulfur  uihui  plant  capacitios, 
and  tho  oxtont  to  which  the-so  ofTe-cts  can  In-  modi- 
tie-d  hy  admixing  air  with  pren-oss  ste-am. 

Tho  iirose-nco  of  sulfur  will  always  impose-  an 
e-conomic  hurde-n  upon  tho  crackini;  prea-oss,  anel 
a  furthe-r  incre-aso  ahovo  pre-.sont  love-ls  will  ro- 
epiire-  e-ithe-r  prior  romoval  hy  puritication,  or  an 
incre-a.se-  in  the-  ameiunts  of  catalyst  provide-el,  tee 
accommodate-  incre-asoel  down-timo  for  catalyst  ro- 
Ke-ne-ration.  Tho  tre-nd  in  natural  >ras.  natural 
K'asoline-s  anel  re-tinory  pnalucts  is  toward  an  in¬ 
cre-a.se-  in  (|uantitie‘s  and  chaiiKcs  in  type-s  of  sulfur 
pre-se-nt.  This  tronel  has  hc-t-n  at  a  rathe-r  moele-st 
rate-  in  tho  post-World  War  II  |K-riod.  llowovor, 
the-  utility  oiH-rator  conte-rnplatinjr  tho  purchase-  eif 
ne-w  c-ejuipnie-nt  noe-ds  assuranco  that  tho  jwissihlo 
adve-nt  of  hi^he-r  sulfur  in  tho  fe-e-dstcK-ks  availahlo 
will  not  impair  tho  o|H-ral)ility  or  tho  oconomics  of 
his  proce-ss. 


A.  Sulfur-Sensitive  Nickel  Catalysts 


a.  Kanue  of  Ope-ralinu  Vai  iabU-s.  Not  only  may 
tho  oxtont  of  catalyst  poisoning  1h*  s|H‘citic  to  the- 
che-mical  com|Misition  of  the-  sulfur  compounds,  hut 
tho  magnitude-  of  the-  ofTe-ct  is  se-nsitive-  to  many 
variahlo.s,  includinjr  difToroncos  in  catalyst  pn-pa- 
ration  and  support,  and  o|H-ratinn  variahle-s  sue-h 
as  space-  ve-locity.  .ste-am  ratios  and  tomi>e-rature-. 
Thore-fore-.  to  ke-e-))  the-  work  within  hounds  and 
make-  re-asonahle-  projrre-ss  it  was  ne-ce-ssary  to 
contino  the-  te-sts  to  a  limite-d  numhor  of  variahle-s. 

Thus  hut  one-  catalyst  was  c-mploye-d  —  a  com¬ 
morcial  catalyst  of  provc-n  rujrjre-dnoss,  comprising 


a  base-  of  Norton  alunelum  sphe-re-s  improKmete-d 
with  of  nickol.  Hut  one-  re-action  was  studie-d  — 
the-  formation  of  carbon  oxides  and  hydroKc-n  by 
re-actin>r  a  hydrocarlxm  vajMir  with  ste-am.  Tho 
hulk  of  the-  te-sts  we-re-  made-  with  a  mole-  ratio  of 
stoam-to-carlMin  of  h-tol,  with  a  fe-w  exploratory 
runs  at  :>-to-l.  The-  principal  modification  of  this 
re-action  cemsisti-el  in  admixinjf  air  with  the-  steam. 
.A  te-miie-rature-  e>f  17<'(i-17.'»o  K  was  maintaine-d. 
Finally,  the-  emly  fi  e-dsteick  e-mploye-d  was  a  natural 
^'a.seiline-.  chosen  to  accelerate-  the  test  preijjram 
as  explained  below. 
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h.  of  IVsl  .Melhod«..  Two  criteria 

of  ratalvxt  |Mii*«itiitiK  «'m|iloy«‘<l.  Th»-  fir.st 

was  liasisl  iiiioii  tho  s«t\  ic«-  lifi-  (in  hours)  of  tho 
latalyst  hofort*  rcyouuTat ion  iM-canu-  tUH'ossary  to 
r<  tno\c  tin-  rarlsm  <h‘|»osits  from  tin*  catalyst  IhsI. 
This  service  life  was  tlien  expressed  in  terms  of 
the  total  volume  of  iiroduct  >fas  made  (ht  CF  of 
catalyst  Iwfore  rey'eneration.  The  end|>oint  of  th*‘ 
service  test  was  reached  when  the  catalyst  bed 
was  hliK'ked  with  carbon. 

The  choice  of  natural  vrasoline  as  the  feedstiak 
was  made  to  aicelerate  this  end|ioint  as  much  as 
possible  by  employing  a  hydrm-arbon  of  hijrh 
molecular  wei^dit  havinir  a  tiormally  hi^h  rate  of 
carbon  de|Hisition.  .Xny  substantial  acceleration 
of  the  normal  rate  of  carbon  deposition,  as  by 
appre<'iable  sulfur  |Htisonin^,  woubi  bbs'k  up  the 
latalyst  lied  in  less  than  Uai  hours  under  the  test 
conditions  employed.  ( )n  the  other  haiul,  the  con¬ 
trol  tests  without  sulfur,  an<l  tests  usiiijf  certain 
low  sulfur  additions,  which  ilid  not  cause  the 
catalyst  bed  to  beconu*  block»*d  with  I'arlion  with¬ 
in  Ittti  hours,  were  discontinuisl  after  this  (Muiod 
of  time.  .As  will  be  noted  in  Table  1,  the  "life" 
tests  fall  into  two  yMoniis:  one  of  less  than  l<tl> 
hours,  in  which  the  results  are  <iuantitatively 
comparable,  and  one  in  excess  of  10(1  hours.  The 
tests  in  the  s«-cond  Kroup  were  di.scontinued  on 
the  assumption  that  an  indicated  downtime  of 
less  than  1  hours  for  catalyst  reKciieration  in  100 
hours  of  o|H‘rat  ion  would  be  acceptable. 

The  s«H-ond  criterion  was  ba.sed  upon  tlu'  lom- 
pleteness  ot  the  hydrocarbon  conversion  to  car¬ 
bon  monoxide  and  hydro^reii.  This  was  reflected 
in  the  composition  of  the  product  ^as.  and  most 
loiivetiieiitly  by  its  heatiiiK  value  in  Ittu  |>er  CK. 
It  had  lieen  noted  that  the  completeness  of  hydro¬ 
carbon  conversion  mav  decrea.se  in  the  first  twen¬ 
ty-four  hours,  as  indicated  by  a  rise  in  I’.tu,  but 
then  iisuallv  levels  oft.  For  comparative  (uiriMises 
the  Ittu  values  determined  in  the  second  twenty- 
four  hours  of  test  have  been  selected  as  beinjj 
the  most  comparalile  and  sifrnilicant  (Table  I). 
These  values  will  not  ditTer  substantially  from 
the  mean  lltu  for  the  entire  test  period,  except 
in  the  ca.se  of  short  “life"  tests,  wheia*  the  loss 
of  convfision  etliciency  in  tl.e  first  twenty-four 


hours  was  hijfh.  Further,  to  make  allowance  for 
the  nitroi^en  intnxluced  with  imKe.ss  air,  the 
heating  values  were  comiiuted  to  a  nitrojf»Ti-free 
basis  for  dinrt  comiiarison  of  all  data  (Table  1). 

c.  Kffecls  of  .Sulfur  Composition.  Sulfur  Con¬ 
centration  and  Kates  of  Hydrocarbon  Feed.  In 
Section  1  of  the  Summary  and  Conclusions  the 
indeiKUidence  of  the  sja-cific  effects  of  sulfur  com- 
liosition  u|M)n  catalyst  life  and  catalyst  activity  re- 
s|Hftively  have  been  adis|uately  di.scussed  in  con- 
inrtion  with  Table  A.  1, ikevvi.se,  in  Section  It  the 
variables  of  increasing  sulfur  in  the  gasoline  feed- 
stmk,  and  increasinjr  rates  of  jrasoline  feed,  have 
been  indicated  in  connection  with  Table  I  and 
Table  C.  In  Fijrs.  1  and  2,  ethyl  mercaptan  was  se¬ 
lected  as  a  tyiiical  sulfur  com|>ound  of  intermedi¬ 
ate  toxicity  ((iroup  II,  Table  \),  to  illustrate  the 
elf**ct  of  increasing  sulfur  concentrations  u|)on 
s|iace-time  yields  of  carrier  jras.  and  gasification 
yields  per  gallon  of  ^ra.soline  feed  stink.  A 
relatively  IukIi  Kasoline  feed  rate  of  .‘1. 2  gallons 
(KT  CF  of  catalyst  ikt  hour  sharply  majrnities 
the  »‘trirt  of  the  higher  sulfur  concentrations,  as 
compared  with  the  standard  fix'd  rales  of  about 
1.1  to  l.;5  (gallons  emiiloyed  in  the  rejrular  life 
tests.  The  (ironounced  effect  of  the  luKher  feed 
rates  in  shortening  the  catalyst  life  at  the  higher 
sulfur  concentrations  is  noteworthy. 

d.  The  Klfect  of  rnK-es.s  .\ir  on  Sulfur  Foi- 
soninu.  The  influence  of  proce.ss  air  uiion  sulfur 
jioisoniiivr  has  been  the  subject  of  much  exjieri- 
ment  with  results  that  frixiueiitly  have  been 
either  inconclusive  or  contradictory.  The  pre.sent 
work  throws  .some  li)rht  on  these  di.screpancies. 
Thus,  where  catalyst  failure  has  resulted  from 
rapid  fouling  of  the  catalyst  bed  by  carbon,  air 
will  consistently  and  without  exception  jirove 
helpful  by  increasin)r  the  length  of  the  operating 
period  before  rejreneral  ion  becomes  necessary. 
The  u.se  of  air  has  a  beneficial  effect  upon  the 
conversion  etliciency;  the  magnitude  is  de|ien- 
di'iif  upon  the  rates  of  feed  and  the  chemical 
nature  of  the  sulfur.  (Note  Table  15). 

It  is  concluded  that  the  major  effect  of  priness 
air  is  to  reduce  the  rate  of  carbon  deposition  and 
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thus  prolong  th«*  (>|HTatirijf  life  of  the  catalyst 
hefon-  regeneration.  The  process  air  may  Ik* 
suh.stituttHi  for  steam  to  a  limited  extent.  The 
optimum  results  were  ohtainetl  usinjr  one-thinl 
of  a  mole  of  pna-ess  air  [H-r  mole  of  carhon  ac¬ 
companied  hy  a  reduction  in  the  pnR-e.ss  steam 
from  K  moles  to  (>  moles  iht  mole  of  carlM>n. 
Attempts  to  use  prtaess  air  in  the  amounts  of 
tine  mole  of  air  iht  mole  of  carbon  with  a  re¬ 
duction  in  pHR-ess  steam  from  8  to  .'t  moles  |H‘r 
mole  of  carbon  resultetl  in  rt'duced  activity  ami 
conversion  etliciency  and  in  excessively  hitrh  nitro- 
jren  contents  in  the  carrier  ^ases.  Th«>  test  re¬ 
sults  are  pre.sented  in  Table  I. 

e.  Keueneration  of  Nickel  Catalysts.  One  of  the 
most  encouraKiiiK  features  of  this  work  has  tn'en 
the  contirmation  of  earlier  observations  to  the 
etfect  that  sulfur  ptiisoniiiK.  no  matter  how  ex¬ 
tensive.  d<R-s  not  cau.se  |iermanent  injury  to  the 
active  nickel.  DamaK**  van  result  from  .scxotidary 
causes,  the  most  dangerous  of  which  is  overheat¬ 
ing'.  This  may  easily  (Rcur  through  imiiro|R-r 
methods  of  catalyst  regeneration.  HiKh  liRal 
temiR'iatures  result  from  uncontrolled  combu.s- 
tion  of  deposited  carbon.  Hence,  the  r»-jreneration 
pnaedures  are  extremely  important. 

The  preferrecl  pnaedure  is  first  to  .steam  the 
catalyst  bed  to  remove  combustible  k«s  and  elimi¬ 
nate  any  tar  accumulations,  and  to  reduce  the 
tem|K‘rature  below  HiOd’F.  The  .second  step  is  a 
controlled  oxidation  of  the  carbon  by  a  mixture 
of  stejim  and  air.  keeping  the  initial  air  rate  low 
—  in  the  order  of  10  CF  per  hour  |R‘r  CF'  of 
catalyst.  .As  the  carbon  dioxiile  content  of  the  off 
jras  decrea.ses,  the  air  rate  is  jri'a'inally  increased 
to  :I00-100  CF  (R‘r  hour.  This  controlletl  oxida¬ 
tion  is  continued  until  the  carbon  dioxide  concen¬ 
tration  falls  to  a  very  low  value.  This  .step  may 
nsiuire  from  three  to  four  hours.  durinK  which 
time  the  temiierature  should  not  exceed  1800- 
11*00  F.  The  la.st  stej)  is  to  di.scontinue  the  steam, 
and  with  air  alone  make  a  final  cleanup  of  the 
sulfur  and  any  trac*“s  *if  carbon  until  oxides  of 
sulfur  and  carbon  no  lonjrer  ap|K-ar  in  the  off 
jra.ses.  When  a  n-jreneration  jirocedure  of  this 
kind  is  employed,  the  use  of  sulfur  feed.stcR-ks  is 


limitetl  by  oidy  two  considerations.  The  first  is 
the  increa.s4'd  cataly.st  volume  renuinnl  to  |R‘rmit 
mvessary  down-time  for  rejfeneration.  The  sec- 
oml  is  the  ability  to  maintain  the  desired  Htu 
levels  in  the  priKluct  jras. 

B.  Development  of  Sulfur-Active  Nickel 
Catalysts 

a.  Nickel  Sub-sullide  Catalysts.  Nickel  sulfule 
catalysts*  have  In-ell  termeil  “sulfur-active"  from 
their  need  for  sulfur  to  maintain  their  chemical 
stability  and  catalytic  activity.  DeiR-ndinjr  ujmui 
temjR-ratures  and  (lartial  pressures  prevailing,  an 
equilibrium  between  the  sulfur-containinvr  reac¬ 
tant  and  the  nickel  sulfide  is  established.  In  the 
liresent  work,  the  steam-methane  reaction  was 
studied  and  hydrop-n  sulfide  was  used  as  a  means 
of  intrlKlucin^'  controlled  amounts  of  sulfur  into 
the  .system.  The  results  obtained  are  summarized 
in  Table  11.  patre  22. 

b.  Kxploialory  I’ests  of  Sulfur-.Vctive  Nickel 
Catalysts.  Several  altt-rnatives  existed  whii  h  had 
to  be  »‘xplored.  First,  it  was  im|Mirtant  to  a.scer- 
tain  the  activity  of  the  catalyst  at  tem|R*ratures 
of  approximately  11(*(*  F.  where  the  nickel-nickel 
sulfide  system  was  essentially  in  the  .solid  .state. 
It  was  found  that  catalyst  activity  in  this  tem- 
]R*rature  ranjre  was  too  low  for  practical  oiR-ratintr 
puriRises. 

.A  .second  alternative  was  to  prepare  a  catalyst 
for  use  under  the  conditions  conducive  to  the 
existence  of  the  Ni,S..  eutectic  mixture.  A 
small  but  definite  decree  of  cracking  activity  was 
found.  However,  the  control  of  temiR-rature  and 
other  variables  proved  too  critical  to  justify  fur- 
thi-r  study  of  this  pnaedure. 

.A  third  alternative,  to  provide  in  the  feed  jjas 
an  excess  of  hydrojjen  sulfide  over  that  m-ci-ssary 
to  maintain  nickel  sub-sulfide,  was  adopted  for 
the  balance  of  the  test  iiroKram.  The  nickel  was 
impregnated  on  a  carrier  callable  of  retaininK 


Kii  k|>Hti'i('k,  W,  .1.,  "Nickrl  Sullidc  I 'alal.vsts*'  in  \d\anr<*.- 
in  (  atabsiH.  Volunii-  III,  Acailemic  Plena,  Inr.  I  New 
York  I  I'.I.'il,  pp.  .‘IZli 
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mnllrii  iiickfl  siili'.siiiriil)-  liv  nn-;iiis  nf  HoriH*  vvi-t- 
iiition,  to  iiisiirc  thiit  IhtT**  was  no  los.s  of 
the  siiirKl*'.’ 

r.  I  ion  of  Calalvol  (  ai  riiT.  S»“Voi  a!  tiia- 

1i  i  ial>  Won-  i'\ aliialt'il  a>  I’arricrs.  i’orocfl.  a  com- 
tni'i'clally  asailalilo  lianxitf,  was  founil  to  lx-  satis- 
fai  torv  for  I  ho  pur|>osr.  Zirconiiitn  silirato,  avail- 
alili'  fomnn  ri  tally  as  ilotisc  halls,  was  found  un- 
smtoil ;  a  |Hirous  iiD  paration.  spcrially  prepared, 
was  i-ipiiv ah'iit  to  hut  not  hotter  than  I’oriK-ol  as 
a  larrior. 

.Nifkfl  alutninato  also  showed  protJiise  as  a  ear¬ 
lier  for  niekel  suh-sultide.  .Xn  attempt  to  sultide 
a  inetallie  niekel  eatalyst  on  an  aluminum  silieate 
base  failed  to  produce  an  active  catalyst. 

<t.  I>e\ clopmeni  of  Nicktd  Suh-sultidc  Cuta- 
l\s|s.  .Mthouydi  I’orocel  was  found  suitahle  as  a 
lairier  for  nickel  suit-sullide,  a  catalyst  conlain- 
iny' onh  nii  ke|  suh-sultide  (ahout  ♦!'<  mole  liasis) 
was  found  to  he  low  in  activity.  A  small  amount 
id'  alumina  apiuecialdy  increased  the  catalytic 
activity,  possihiv  hv  supplyin>r  a  satisfactory  area 
for  wetlinvr  The  improvi'ment  in  conversion  oh- 
tainalile  with  concentrations  varyinvr  from  0.1  to 
I  l'<  (mole  hasisi  is  shown  in  l•'l^rure  W’itliout 
alumina,  the  conversion  was  displaced  to  relative- 
1>  low  values  which,  moreover,  were  not  stable, 
decreasing  apprecialdv  during  u.se. 

t'alalvsts  containing  and  Kt'r  nickel  suh- 
sullide  supported  on  I’oroiel  and  containing  f 
alumina  provided  substantially  the  same  results. 

In  present  plant-siale  catalytic  crackin^t  of  nat- 
ur;il  >ras  with  a  sulfur-.sensitive  nickel  catalyst, 
the  aitivitv  olitained  under  es.smit ially  sulfur-free 
conditions  is  much  vrn-ater  than  was  found  with 
nickel  suh-sultide  l  ataiv  st.  ( Ine  reason  for  this 
is  the  considerably  hiy'her  temiieratures  used  in 
commercial  units.  Some  tests  were  made  at 
ITmt  K  with  niikel  suh-sullide  an.l  indicati'd  im¬ 
provement.  hut  nowhere  near  the  conversion  rates 
iieedeil  to  coin|K'te  with  present  lommercial  prac- 


NATURAL  GAS  SPACE  VELOCITY  CU  FT  PER 
CU  FT  CATALYST-MR 

Fig.  3 — Influence  of  an  Alumina  Promoter 
in  Nickel  Sub-Sulfide  Catalysts 

tici‘.  The  sulfur  concentrations  were  deliberately 
set  at  hijrh  levels  to  insure  the  necessary  stability 
of  tin*  sultide  catalyst.  A  sharp  loss  in  activity 
occurred  when  tin*  hvilrojrcn  sultide  concentra¬ 
tion  of  the  natural  yms  stream  was  deccreased 
below  aiiproxirnately  KKK*  grains  [ku-  (’('F. 

e.  (  orrosion  of  .\lloy  Tubes  by  Sulfur.  Duiinji 
the  cour.sv'  of  the  work,  .severe  attack  uiion  the 
alloy  reactor  tube  was  observed,  molten  sultide 
cominy'  in  part  from  the  tube  exposed  above  the 
bed.  .Attenijits  to  enamel  the  interior  of  the  re¬ 
actor  tube  were  unsuccessful,  possibly  because  id' 
pin  holt's  or  small  cracks  which  caused  a  concen¬ 
trated  attack  at  these  points,  leading  to  peifora- 
tion.  .A  satisfactory  solution  of  the  reactor  tuU* 
corrosion  problem  remains  to  be  found. 
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APPENDIX 


A.  Sulfur-Sensitive  Catalyst  Tests 

a.  Drsrriplion  of  Catalyst  Testinj;  I’nits.  Two 
of  th**  fXiKTimontal  units  omployetl  in  the  sulfur 
IMiisoninjr  tests  were  designated  as  I’nits  15  and 
C.  These  were  essentially  identical  in  desiKn: 
the  few  details  m  which  they  differed  will  l»e 
mentioned  later  in  the  description.  A  simplitied 
flow  diaKram  which  applies  to  both  units  is  shown 
in  Fijrure  1.  Water  from  the  tank  on  scale  .V  was 
pum|H*d  hy  means  of  a  Ilills-.McCanna  duplex 
piston  pump  15  and  was  convt-rted  into  steam  in 
jras-tired  furnace  llydrocarlMUi  liijuid  from  a 


WATER 

SUPPLY  FURNACE (C) 


Fig.  4. — Flow  Diagram  of  Units  "B"  and  ”C” 
used  in  Sulfur  Poisoning  Tests 


secoml  tank  on  a  .separate  s<ale  was  pum|H-d  hy 
pumji  It  to  an  alloy  cro.ss  (i.  .Air  retluceii  to  18-lt> 
psijj  was  measured  in  hijjh  pressure,  wet-test 
meter  F.  ami  was  pas.s*‘d  to  cross  (J.  where  it  nu*t 
the  steam  and  hydriK-arhon  .streams.  The  mixture 
of  air.  steam  and  hydrin-arhon  was  preheated  in 
coil  l>  maintaineil  in  electric  furnace  K.  on  top 
of  the  main  reactor  furnace  .1.  The  preheat  coil 
consisted  of  about  215  feet  of  -'H-inch  alloy  tubinjr 
(Ty|H'  .‘510,  2.">  (’r-20  Ni,  Schedule  10  wall)  formed 
into  a  12-inch  diamet»-r  coil. 

The  preheated  mixture  then  pa.s.sed  through 
the  catalyst  bed  contained  in  tulie  H.  a  6-foot 
leiiKth  of  2-inch  alloy  tubing'  (TyjK*  .‘510.  2.")  Cr-’20 
Ni,  Schedule  10  wall  in  I’nit  15;  (’aide  15-28  cast 
tube.  Cr-‘26.  Ni-11.  .Mn-0.8,  N-0.1,  .Mo-1.0;  :5-inch 
O.D.,  '‘(i-inch  wall  in  I'nit  (’).  A  cataly.st  bed  of 
18-inch  depth  was  suiiported  by  a  stainless  steel 
.scri'en.  .A  thermowell  of  i  ^-inch  alloy  tubing' 
(Ty|K‘  .‘510.  Schedule  10  wall)  extemled  throujrh 
the  catalyst  bed;  three  thermocouples  in  this  well 
measured  catalyst  bed  tem|K‘rature.s  at  three 
points.  The  catalyst  volume  was  .set  at  0.080  CF. 

The  catalyst  tube  was  surrounded  for  18  inches 
of  its  lenjrth  by  electrical  heaters  arraiiKed  in 
a  .j-inch  .s<|uare  cross-.section.  Three  sejiarate 
zones  of  heatinjr  were  controlled  by  a  siiiKle  con¬ 
troller  in  I’nit  15.  and  by  three  separate  control¬ 
lers  in  I’nit  (’.  Thermocouples  in-ened  to  the  cata¬ 
ly.st  tuU*  at  the  center  of  each  of  the  three  heat¬ 
ing  zones  wen*  used  to  obtain  the  wall  tem|M*ra- 
ture  and  to  control  furnace  o|K*ration. 

A  tar  trap  h  was  u.st'd  to  collect  tars,  if  pres¬ 
ent;  in  the  sulfur  iMii.soniiiLt  tests,  netjliRible  (pian- 
tities  wen*  recovered  m  the  trap.  ('(xilinK  <>f  thi* 
product  K«ses  and  condensation  of  the  unreact«*d 
.steam  was  accomplished  in  fin-tube  condenser  I,. 
The  condensate  was  coll(*cteil  in  the  condensate 
rect*iver  .M.  The  carrier  y'as  producc-d  was  meas¬ 
ured  by  means  of  tin  case  meter  O.  (ias  .samples 
were  taken  continuously  at  K  for  analysis  and 
for  heatinjf  value  and  siK'cific  Kravity  determina- 
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fioti.H  Thf  rtiaiur  of  tho  >ra.'i  wan  n‘<liK'«‘<l 

from  M  Inchon  of  water  ccdnmn  tee  almo.nphc-ric 
|irc's.«iurc‘  for  vc-ntinjr  at  S. 

I 'nil  <■  wa.n  also  proviclc-d  with  a  prcs.niirc-  nvu- 
latiinf  \al\»*  (not  shown!  for  o|H'ration  c»f  the  re¬ 
actor  at  prc-ssurc's  up  to  HMt  psijf-  It  al.so  had 
a  i:5,(M»(i  volt  precipitator  (not  shown)  for  elimi¬ 
nation  cd'  tar  fojf;  no  tar  was  found  hy  this 
means  in  any  of  the  tc-sts. 

h.  Kxperimenlal  I’rmedur**.  Thi*  exiM-i  irnc-ntal 
priK-edun*  consistcsl  of  operatint;  I’nits  11  and  (’ 
with  natural  >fasoline  as  fec'd.  In  most  of  thc> 
tests,  controlled  amounts  of  a  Kivem  sulfur  com- 
|Kiund  wi-rc-  dissolved  in  the*  feedstiK’k  to  produce 
IMiisoniiiK  .A  numhe-r  of  tests  were-  also  made  with 
unsiilfured  gasoline  to  obtain  yield  data  undcu' 
this  condition,  to  test  the*  activity  cd'  the  catalyst 
and  to  estahlish  a  base  for  comparison. 

In  all  casi-s.  attempts  vvc-rc*  made  to  sc'curc*  as 
lonjf  a  iM'riod  of  continuous  operation  as  was  |mis- 
siblc*  in  a  .'c-day  work  vvc-c’k  and  to  oin-ratc-  undc-r 
constant  process  conditions  as  speciticsl.  The*  prc's- 
sun*  in  ttic*sc*  poisoning  tests  remainc*d  at  a  low 
value*.  to  (I  psi^r,  for  most  of  the*  opc*ratin>' 
|M*riod.  .At  .some  time*  characteristic  cd’  the  |Mii.son- 
injf  conditions,  the*  |iri*.ssurc*  bc*Kan  to  ri.se  relativc*- 
ly  ra|tidly.  so  that  in  2  to  (I  hours  the  prc*.ssure 
would  reach  20  psi^r.  The*  test  was  terminated  at 
this  point,  to  the  nearest  hour.  In  a  numbc*r  of 
tc-sts,  the*  prc*ssure  rose  slowly  if  at  all;  such  tc*sts 
were*  sto|>ia*cl  at  the  c*nd  of  the*  vvc*c*k  aft(*r  ac- 
cumulatinjf  loo  hours  or  more*  cd'  continuous 
o|K*ration  at  constant  priK'c*s.s  conditions. 

V.  Ueiieneialion  of  (’alal)st.  The*  re>rc*nc*rat ion 
priH'edurc*  consislc*d  cd’  thrc*c*  steps: 

1 )  steam  purvre 

2)  air-steam  rc*^rc•nerat ion 
.■>)  air  rc*j:enc*rat  ion 

.\lthoU)rh  it  may  be*  possible  to  omit  any  cd'  these* 
three*  stc*ii.s,  it  is  bi*lii*vc*cl  c*ssc*ntial  that  each  be* 
done*  in  the*  order  nami*el  for  reasons  of  safety 
and  e*lTe*ctive*ne*ss. 


An  initial  steam  purjre*  is  ne*ci*s.sary  to  fren*  the* 
syste*m  of  combustible  jfas  and  to  e*liminate*  hy- 
drcKarlMin  liepiid  accumulations  and  tars.  The 
time*  and  rate*s  nect*.ssarv  will  be*  determine*el 
mainly  by  e*xjK.*rie*nce.  In  the*  ex|H*rime*ntal  work, 
the*  ste-aminjr  continued  for  no  li*ss  than  .'>()  min- 
ute*s,  and  was  usually  about  1  hour  in  lenjrth. 
The*  rale*  ce)rre*siM)nde*el  to  that  used  in  the  tt*sts, 
t'-H.  .’>(!  to  100  pounds  of  ste*am  |K*r  CF  catalyst- 
hour.  It  is  advisable*  to  ie*eluce  the  catalyst  te*m- 
|K*ralure*  to  approximate*ly  1  loO-KioO  F  prior  to 
and  elurin^r  this  e)|H*ratiein. 

The  air-ste*am  re*>rene*ration  was  the*  next  .ste*p, 
and  was  done*  with  incre*Hsinj;  jiartial  pressures 
of  air.  This  is  esse*ntial  to  insure*  that  neither 
catalyst  nor  tube*  is  elama>;e*el  by  overheatinjr.  The 
initial  air  rate*  can  be*  as  low  as  approximate*ly 
10  ('F  pe*r  CE'  catalyst-hours,  incre-asinjr  to  a 
tinal  value*  in  the*  ranrre*  ed’  200-100  CF  of  air  i)t*r 
CF  catalyst-hour.  Additional  information,  such  as 
the*  carbon  dioxide*  content  ed’  the  re*Ke*ne*ration 
fra.se*s  and  catalyst  te*miK*rature*,  can  be*  u.seel  to 
che*ck  the*  re*jrene*rat ion  e)pe*ration.  During  this 
.staire*.  the*  catalyst  te*mperature  should  ned  e*xce*eel 
1800-1000  F  for  nicke*l  catalysts.  The*  duration  of 
the*  air-ste*am  re*Kene*ration  in  the*  e*xpe*rimental 
te*sts  was  usually  2  to  I  hours. 

The*  third  step,  in  which  air  alone*  is  u.se*d,  is 
ne*ce*ssary  to  make*  a  final  cleanup  of  the*  sulfur, 
and  possibly  carbon,  which  may  ned  have*  be*e*n 
re*move*el  in  the*  .se*cond  step.  In  the  laboratory 
unit,  the  ste*am  was  abruptly  turne*d  idT  l)e*eau.se* 
ed’  the*  difficulty  in  control  at  low  ste*am-tlovv 
rates.  In  industrial  operation,  it  is  po.ssible  that 
a  slow  ile*cre*ase  vvoulel  be*  maile*  until  safe*  air 
rates  woulel  be*  establishe*el.  The*  air  rate  shetulel 
be*  incre*ase*el  slowly  thre»u)th  about  the*  .same  ranjre 
spe*citie*el  above*,  freim  10  tei  a  maximum  etf  ;’.00- 
100  CF  pe*r  cubic  feied  catalyst-hour.  This  o|H*ra- 
liein  sheiulel  be*  ceintinue*el  as  lonjr  as  any  sulfur 
oxidt*s  or  carbon  elieixide  remain  in  the*  re*jre*nera- 
tiem  jrases;  this  teaik  20  minutes  to  2  hours  in 
the*  ex|H*rime*ntal  tests. 
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III  all  cases,  it  was  fouiui  that  th«-  initial  cata¬ 
lyst  activity  was  rcston'il  rcjfanllcss  (if  th(‘  (lc)rrct' 
(if  jHiisdiiinj,'.  The  cvcU*  was  rc|icat«‘(l  siiccc.ssfully 
many  times,  ‘J")  nr  mure  rejrener.itinns  la'invr  |xis- 
sihle  with  a  sinjrle  charge.  When  it  was  necessary 
t(i  discharge  a  catalyst  char>re,  it  was  always  he- 
caiise  (if  a  th(*rm(iwell  nr  thermncdiiple  failure. 


nickel.  The  aluiuhim  spheres  vviue  a  iirddiict  de- 
veldimient  (if  the  Niirtun  Cumpany,  Wdrcester, 
Mass. :  the  imprejrnatidn  was  dune  hy  the  llarshaw 
Chemical  (’(impany,  Cleveland,  Ohio. 


e,  Natiiial  (I'aMiline.  The  natural  jra.sdline  em- 
phiyed  in  tht'.se  tests  had  a  Keid  va|)(ir  pressure 
(if  jisijf  and  cuntained  uidy  a  small  ammint 

(if  sulfur.  ••.(•!  .  The  siKvific  jrravity  was 

(*.(>81;  the  huilinjf  ranjre  was  8(>-:il()  F  in  a  typi¬ 
cal  .sample  (if  the  fe*Hl. 


d.  Description  of  .Mundum  .'sphere  Catalyst. 
The  catalyst  used  in  all  of  the  tests  was  prepared 
hy  disjiersinK  nickel  on  '(i-inch  alundum  spheres 
(IMirdsity,  .‘58' .  ;  7(t  Ihs  CK).  The  preparation  con¬ 
sisted  of  imprejrnatinj;  the  spheres  with  a  nickel 
salt,  followed  hy  drying  and  calcining.  The  tin- 
ished  catalyst  contained  1.8'.  hy  weight  of  metallic 


f.  Sulfur  Compounds.  Sulfur  comixiunds,  ob¬ 
tained  from  st'veral  suitpliers,  had  hoilinjr  rant'e-'* 
as  listed  helow : 


BOILING  RANGES  OF  SULFUR  COMPOUNDS  TESTED 


Vendor 


formula 


SUlfUR  COMPOUND 


t-C4H9SH 

t-CuH?5SH 

t-CidMilSH 

(tC4M»S»2 

(C2H5I2S 

(CM3I2S 

C  2  M  5  SM 

n-C3M7SH 

C6H5SH 

CS2 

M2S 


Tertiary  Butyl  Mercapton 

Tertiary  Oodecyl  Mercaptan 

Tertiory  HeModecyl  Mercapton 

Ot  tert  ary  Butyl  Di&ulfide 

0  ethyl  Sulf(de 

Dimethyl  Sulfide 

Ethyl  Mercaptan 

Normal  Propyl  Mercopton 

Thiophenol 

Carbon  Diiulfide 

Hydrogen  Sulfide 


Eaitman  Kodak  Co. 


Matheton, 


CATALYST  TESTING  UNIT  "C 


Fig.  6.— CATALYST  TESTING  UNIT  "B 


n 

■  -'i 

j 

INSTITUTE  OF  SaS  TECHNOLOGY  RESEARCH  BULLETIN  NO.  10 


B.  Sulfur-Active  Catalyst  Tests 

ii.  IlfM-ripl ion  of  I'fstinK  Tnit.  'I’ho 

<  x|M-nnio(itiil  mill  iisid  in  tin-  sulfur-aitivo  tc-ds 
was  dfxi^Miatoil  as  I'nit  \  Thi-  siniplilicil  liow 
•liav'iain  shown  in  7  imliiatcs  tiio  llix- 

ihility  of  tlif  mill  in  iilili/iiiK  i-itinT  gaseous  or 
li'imil  food,  .Siiiff  onl>  naliiral  i-rackod. 

I  he  iiM-  of  jjaseoijs  feed  will  he  descrilted.  Water 
was  measured  at  S  in  lalihrafed  lairets  and  was 
pumiied  hy  means  of  a  K'‘ai‘  pmini  ({  Ihroinfh 
rolameler  T  into  an  alloy  coil  lontaiiied  in  fiir- 
iiaee  \  'Idle  saturated  steam  issuing  from  the 
loil  in  furnaee  \  was  suiM-rhealed  in  furnaies  It 
and  (■  .\t  th«'  lop  of  furnaie  l>.  the  su|M-rheated 
stiam  was  mixed  with  natural  imd  hydroy'eii 


suirule.  'Idle  natural  y'as  metered  hy  means  of  a 
hiy'h  pressure  w«-t  test  meter  at  lit  psijj  entered 
at  I..  anil  then  (lassed  throujfh  rotameter  <■  into 
the  system  at  the  top  of  furnace  I).  The  hydrojreii 
sulfide  from  a  cylinder  at  O  was  metered  in  rota¬ 
meter  .1,  and  also  went  into  the  reactant  stream 
at  the  top  of  furnace  I)  Furnace  I)  heated  the 
reactor  tube  containinjt  the  catalyst.  The  reactor 
system  contained  in  furnace  1$.  ('  and  I)  was 
comiirised  of  1 1  ..-mch  i.p.s.  tuhiiiK.  Schedule  8I» 
wall.  Type  :Ult  alloy  (2.*)  (  r-'Jll.N'i ) .  The  catalyst 
hed  was  usually  IKMi  cc.  in  volume  (l).0212  CF). 
A  thermowell  of  I  i-inch  alloy  tuhinjf  (Ty|H*  .‘5111. 
Schedule  It*  wall)  contained  three  thermocouples 
to  nu-asiire  catalyst  hi-d  tem|KTature  at  three 
IMiints  in  the  hed. 
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Furnac*  No.  I.  $t»am  Ganarator 

Furnaca  No.  2  Sfaam  Suparhaatar 

Furnaca  No.  3  Faad  Prahaatar 

Furnaca  No.  4.  Catalytic  Raactor 

Prastura  Gaqai 

Water  Rotameter 

Hydrocarbon  Rotameter 

Air  or  Nitrogen  Rotameter 

Hydrogen  SuUtda  Rotameter 

Hydrogen  Rotameter 

Gasaoui  Hydrocarbon  Inlet 

Air  Inlet 

Nitrogen  Inlet 

Hydrogen  Sulftda  Inlet 


2 

AA 

BB 

CC 


Hydrogen  Inlet 

Rotary  Pumps 

Liquid  Hydrocarbon 

Water  Inlet 

Heat  Eichangar 

Condensate  Receiver 

Iron  Oiide  Trap 

Gas  Meter 

Pressure  Regulators 

Hydrogen  Sulfide  Sample  Line 

Line  to  Calorimeter 

Line  to  Ranarei 

Line  to  Gas  Holder 

EiKaust  Outlet 


Fig.  7.— FLOW  DIAGRAM  OF  UNIT  "A"  USED  IN  SULFUR-ACTIVE  CATALYST  TESTS 
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LEGEND  f  AIK  OK  NITK06EN  ROTAMETEK  M  STEAM  SUPEKHEATEK  VARIAC  T  I)  KT  RECORDER 

A  PRESSURE  GAGES  G  HYDROGEN  SULFIDE  ROTAMETER  N  PREHEAT  FURNACE  VARIAC  U  I]  FT  INDICATOR 

I  water  iurets  h  hydrogen  rotameter  r  variacs  V  master  switch 

C  HYDROCARION  tURETS  J  NATURAL  GAS  ROTAMETER  Q  MOV  SWITCHES  W  PILOT  LIGHT 

D  HYDROCARION  rotameter  K  AMMETERS  R  CAPACITROL  X  WATt  HOUR  METER 

E  WATER  ROTAMETER  L  STEAM  GENERATOR  VARIAC  S  PRESSURE  CONTROLLER  Y  EXIT  METERS 

Fig.  8.— INSTRUMENTATION  AND  DESIGN  OF  THE  PANEL  BOARD  OF  UNIT  "A" 


Tli»‘  is.'suinK  from  th»‘  hottom  of  tht-  re-  the  hulk  of  the  jfas  to  exhau.st  Valve.s  at  Z. 

actor  tube  were  i(M)le(l  hy  mt'aiis  of  exchaiiKer  T.  .V.\  and  ltl{  |H‘rmitt«'d  saniplinsf  of  th**  stream 

the  eondensat*'  heintf  colleitL'd  in  receiver  T.  A  for  heatinjr  vaha*.  s|M'citic  gravity  and  for  };as 

hijrh-pre.ssure  retfulator  X  for  pre.ssure  o|M'ration  analysis. 

was  hypassL'd  in  tin*  present  tests;  the  usual  pres-  The  furnace  temiK*ratures  w»*re  all  hand-con- 

sure  was  about  1-inch  of  mercury  column.  A  trolU'd  by  m»-ans  of  variabU*  transformers.  Tem- 

.sample  of  the  jras  stream  was  taken  at  Y  for  jieratures  were  nu-asured  with  an  indicatiii);  ixi- 

hydroKeii  sulfide  analysis.  The  jras,  containiiiK  tentiometer  and  a  n*cT)nlin);  iMiteiitiometer. 

relatively  larjre  ipiantili»*s  of  hydroy'en  sulfide.  The  four  furnaces  were  of  the  split  tyiH*  for 

was  purified  by  passa}f»“  throuKh  iron  oxiile  trap  ready  access  to  the  reactor  tubes.  Th»‘  instrumen- 

V.  A  wet-te.st  meter  W  measured  the  tlow  of  jiuri-  tation  was  contained  in  a  panel  Isiard  as  shown 

tied  jras.  A  back-pressure  rejrulalor  at  \  relea.sed  in  F'ijrnre  S. 
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Fig  9.— UNIT  "A"  EMPLOYED  IN  THE  TESTING  OF  SULFUR-ACTIVE  CATALYSTS 


l».  K\|M'rimrntiil  PiiKwhir*-.  'I'lu-  cataly.'^t, 
iisiiall\  iliMi  ir.  in  Miliinif.  was  rliarK'‘<l  into  tlu-  n-- 
ai  tnr  tiilir  ill  an  unrciliucii.  unsnlfnlcd  form.  Thi' 
pi'iKfdm r  of  icdiinnK.  siilliditi}/  and  prctnatin^' 
was  ^r^‘nt'l•ally  as  follows; 

Tim  rataKsI  was  first  rcdiuod  l)y  passam*  of 
a  slrtam  of  h>«lrojn  n  at  flm  rate  cd'  '2  CK  per 
hour  while  the  hed  was  warmed  to  approxi- 
matel.N  son  1’.  The  How  was  eonlimied  for  thri'e 
hours  or  until  evolution  of  water  eeast“«l.  The 
temperature  was  then  lowered  to  aiiproximately 
:»iin  K.  IlydroKt'ii  sultide  was  then  suhstitut«“d  for 
;i  part  of  this  hydro^'eii  until  the  hydrojreii  sul- 
tide  was  approximately  .'iii'f  of  the  vms  stream 
li\  volume,  the  total  flow  hein^  maintained  at 


approximately  2  (’F  per  hour. 

When  hydrogen  sultide  ap|K‘ared  in  the  exit 
>ras,  as  determined  hy  analysis,  the  sullidin^^  was 
eonsidered  complete.  The  catalyst  was  then  ma¬ 
tured  at  (>(I0  F  for  ahout  three  hours  in  a  stream 
of  hydrogen  to  eliminate  adsorbed  elemental  sul¬ 
fur.  if  pre.sent.  FollowiiiK  this,  the  catalyst  was 
rapidly  healed  to  reaction  temiH-rature  in  a 
strt*am  compo.sed  of  eipial  parts  by  volume  of 
hydro^'en  sultide  and  hydroKen. 

The  actual  test  was  made  by  first  introducing 
steam  at  the  desired  rate,  then  adjustinjr  the 
hydro^mn  sulfide  rate,  shuttinjf  olT  the  hydrojren 
and  startiiiK  the  natural  The  tests  continued 
for  from  I  to  2tt  hours  aft»‘r  a  hydro>;en  sultide 
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lialancc  had  la-^n  estahlishi'd. 

Tht‘  shuttint;  down  priK’t-dun*  was  dom*  in  tlu* 
inv»TSf  onler  of  oiierations  drscrilK'd  alawt'.  Nor¬ 
mally,  the  temjKTalure  was  dro|)|M‘d  to  approxi¬ 
mately  KMM)  F  overnight  with  approximately  2 
CF  i>er  hour  of  a  .'>0:50  mixture  of  hydrojfen-hy- 
dro)r*‘ii  sulfide  imssint;  over  the  eatalyst.  Over 
week  end  iieriods,  the  catalyst  furnace  was  shut 
down  completely.  Before  each  test,  the  catalyst 
was  pretreated  in  accordance  with  the  procedure 
u.sed  for  fresh  cataly.st. 

Occasionally  carlsm  de|K)sition  occurred,  evi¬ 
denced  hy  a  low  carbon  balance  or  by  a  bliK-kiiijr 
of  the  catalyst  IhhI.  In  this  case,  as  well  as  1k“- 
fore  complete  shutdown,  the  catalysts  were 
steamed  at  1100  F.  The  steam  rate  was  approxi¬ 
mately  0.1  |H)und  per  hour  for  this  o|>i‘ration. 

At  the  end  of  the  te.st  .s€*ries  for  each  cataly.st, 
the  cataly.st  was  ciMiled  in  carl>on  dioxide  to  nwim 
temiH-rature.  It  was  di.scharjred  into  a  container 
and  immediately  covered  with  |>arattin  oil  to  pre¬ 
vent  access  of  air.  The  samples  were  examined 
by  various  physical  and  chemical  tests  to  de¬ 
termine  chanj^es  in  the  catalyst  structure. 

c.  ('atalyst  Preparation.*  The  catalysts  were 
all  prepared  from  pure  nickel  salts.  F'xcept  for 
the  initial  exploratory  catalysts,  all  were  pre- 
liared  by  imiire^nation  of  the  carrier  with  hot 
concentrated  solutions  of  nickel  nitrate.  The  mass 
after  impregnation  was  heated  on  a  steam  bath 
with  occasional  stirring,  and  then  in  an  oven  at 
2.‘{(t  F  until  dry.  The  catalyst  was  then  calcined 
at  75b  F'  until  nitric  fumes  ceased  to  evolve. 


*Thr  sulfur-avtivf  catalysts  were  all  prepared  at  Melltin 
Institute  by  W.  .1.  Kirkpatrick,  .''cnior  IJesearch  Fellow, 
International  Nickel  Company. 


Catalyst  carriers  u.setl  included  Porocel,  zir¬ 
conium  silicate  and  nickel  aluminate.  The  PortHel 
was  obtaintHi  fn>m  the  Porttcel  CortMiration, 
Philadelphia.  Pennsylvania,  and  was  designated 
as  "Low  Iron  PortK-el,  t>  11  mesh.  2*’;  V.M.,  SB- 
2254-.50."  The  zirconium  silicate  was  a  natural 
ore  |H*llettt*«l  into  '-j-inch  spheres  by  the  Orefac- 
tion  Ctimpsiny,  Pitt.sburKh.  Penn.sylvania.  The 
idckel  aluminate  was  prepared  in  the  lalMiratory. 

d.  Natural  (ias.  The  natuial  Ras  was  obtaimsl 
from  the  lines  of  The  Peoples  (.las  I.iRht  anti 
Coke  Company.  Crawford  Station,  ('hicaRo,  Illi¬ 
nois.  The  follow  iiiR  analysis  was  furnished  by 
the  company: 


C«rbon  dioiid« 

0.1% 

90.4 

Nitro9#n 

9.5 

100.0% 

The  followiiiR  PtMibielniak  analysis  was  al.so 

furnished : 

79.6% 

Eth«n» 

58 

Prop«nt 

3.7 

Uobut«ne 

0.3 

Normal  but«fi« 

0.9 

P*nt«n«» 

0.1 

P«r«{fin  ind«i 

90,4% 

1.19 

Analysis  by  the  In.stitute  of 

(las  TechnoloRy 

ab.sor|)tionH‘ombustion  methods 

Rave  the  follow- 

inR  results: 

C«rbon  dioi’d* 

02 

00 

Oiyq«n 

0.0 

Hydroq^n 

0.0 

C«rbon  monortde 

0.0 

Paraffins 

90.2 

NItroqtn 

9  6 

Paraffin  indai 

100.0 

1.2 

Spacific  qravify  (air  1.00) 

0.69  (calc.) 

Haatinq  vatua,  Btu  cu.ft. 

1030  (c«lc.) 

e.  IlydroRcn  Sulfide.  IlydroRen  sulfide  was  ob¬ 
tained  from  the  .Matheson  Company,  Inc.,  .Joliet, 
Illinois.  Purity  is  stated  as  bb.O'r  . 
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TABLE  I— SUMMARY  OF  TESTS  OF  A  NICKEL  CRACKING  CATALYST 


OPERATING  CONVERSION 

SULFUR  CONDITIONS  EFFICIENCY  CATALYST  LIFE 


79 

0011 

14 

1.0 

0  19 

Oil 

0 

6  6 

3  2 

440 

337 

041 

339 

1390 

141 

94 

10 

Non# 

0012 

16 

0  96 

0  20 

0.14 

0  88 

6.1 

3  4 

500 

253 

0.57 

332 

1680 

175 

105 

GROUP 

1 

1 

Thioph#n« 

0  039 

S2 

7  3 

0  22 

0  13 

0 

6  2 

3.3 

180 

667 

0  57 

669 

600 

21 

29 

2 

0  046 

47 

6S 

OSI 

0  30 

0 

7  9 

2  6 

300 

460 

047 

466 

750 

55 

76 

3 

0  0S2 

27 

7  4 

0  28 

0.17 

0 

8  1 

13 

490 

440 

045 

444 

370 

28 

72 

4 

0  079 

40 

9  2 

0S8 

0  33 

0 

8  2 

1.3 

330 

408 

0  42 

417 

420 

44 

100 

S 

0  083 

42 

8  S 

040 

02S 

0 

8  1 

1.3 

390 

353 

0.41 

355 

500 

31 

66 

6 

0  039 

SO 

4  2 

0  26 

O.IS 

0  81 

64 

3.2 

370 

342 

065 

458 

1180 

44 

36 

7 

0  046 

43 

69 

041 

0.24 

0  24 

8  6 

2  3 

270 

470 

0.56 

521 

620 

43 

67 

a 

0  046 

44 

4  1 

0  2S 

0  14 

0  72 

8  S 

2  4 

380 

359 

0.59 

492 

910 

36 

39 

9 

0  079 

40 

7  7 

0  63 

0.37 

0  34 

8  3 

1.3 

410 

324 

049 

363 

520 

55 

110 

10 

0  079 

69 

66 

0  71 

0  41 

0  94 

3.1 

2  2 

480 

272 

0.61 

369 

1060 

74 

71 

1 1 

0  079 

70 

7  2 

063 

0  37 

1  00 

3.1 

2.2 

430 

275 

063 

387 

970 

62 

63 

12 

0  083 

S4 

10  0 

087 

0  6S 

1  1 

3  3 

2.1 

320 

331 

0.77 

556 

650 

70 

113 

II 

0  092 

83 

12.0 

044 

0.26 

0  98 

3.1 

2  3 

300 

356 

077 

604 

670 

27 

37 

14 

0  092 

77 

120 

0  39 

0.24 

l.l 

3  4 

2.1 

320 

404 

0.75 

645 

660 

26 

36 

IS 

T«rti«ry  Butyl  M#rc4ipt#n 

OOSO 

22 

S8 

0  34 

0.21 

0 

9  4 

l.l 

340 

388 

0.42 

390 

380 

39 

107 

16 

0.077 

31 

8  3 

047 

0  29 

0 

10  1 

1.0 

370 

360 

043 

362 

350 

38 

107 

17 

0.082 

107 

21.0 

0  44 

0.26 

0 

9  0 

2.2 

290 

484 

0.47 

491 

610 

16 

43 

IS 

0  124 

SS 

13  0 

087 

0S4 

0 

8  9 

l.l 

330 

349 

048 

352 

380 

42 

110 

19 

0  148 

82 

21.0 

047 

0.26 

0 

7.7 

14 

290 

391 

0.42 

394 

440 

IS 

36 

20 

O.OSO 

63 

7  7 

0  79 

04S 

0.97 

3  4 

3.1 

260 

375 

0.70 

659 

860 

77 

88 

21 

0.077 

70 

12  0 

0S6 

0.32 

0.97 

3  2 

2  3 

260 

415 

083 

760 

590 

35 

56 

22 

0  077 

9S 

9  8 

0  69 

0.40 

l.l 

3  6 

3.1 

310 

393 

0  84 

725 

990 

45 

SI 

23 

0  088 

83 

13  0 

OSI 

0.30 

OSS 

8  6 

2  3 

280 

437 

065 

579 

650 

31 

43 

24 

0  124 

106 

19  0 

0  67 

0.40 

1.0 

3  5 

2.2 

260 

412 

083 

779 

550 

25 

44 

GROUP 

II 

2S 

T«rti#ry  Dod«cyl  Mtrc#pt#ri 

0  090 

43 

10.0 

0  47 

0.27 

0 

8  9 

l.l 

360 

374 

0.41 

383 

430 

33 

76 

26 

0  090 

78 

9  S 

0  64 

0.38 

1.0 

3.1 

2  2 

380 

313 

0.69 

456 

690 

49 

57 

27 

0  090 

74 

8  S 

0  3S 

0.21 

l.l 

3  5 

2.1 

350 

281 

0.68 

414 

400 

29 

33 

28 

(thyl  MerCAptnn 

O.OIS 

19 

18 

0.29 

0.17 

0 

6.4 

3.7 

320 

405 

042 

407 

1060 

109 

104 

29 

0  021 

32 

3  S 

0  21 

0.1 1 

0 

6  3 

3  8 

240 

435 

0.49 

438 

800 

32 

45 

30 

0024 

31 

3  2 

0  36 

0.21 

0 

6  3 

3  7 

300 

434 

045 

436 

970 

SO 

81 

31 

0024 

31 

3  9 

0  20 

0.12 

0 

6  4 

3  7 

250 

513 

048 

519 

820 

41 

45 

32 

0  042 

24 

4  7 

0  41 

0.22 

0 

6  8 

l.l 

360 

367 

040 

369 

460 

S3 

117 

33 

0  078 

40 

9  4 

0  38 

0.23 

0 

8  1 

1.3 

330 

397 

042 

399 

440 

30 

67 

34 

0  082 

107 

210 

0  44 

0.26 

0 

6.3 

3  2 

170 

687 

0.57 

730 

550 

16 

29 

3S 

0.082 

lOS 

22.0 

0.33 

0  19 

0 

6  4 

3  2 

ISO 

766 

060 

783 

480 

12 

22 

36 

0  082 

4S 

13  0 

0S6 

0.33 

0 

7.4 

1.4 

240 

492 

0.47 

495 

330 

34 

87 

37 

O.OIS 

20 

1.2 

0.30 

0.18 

0.84 

6  3 

3  3 

500 

271 

0.56 

341 

1610 

178 

108 

3B 

0  022 

29 

19 

0  42 

0  2S 

0.80 

6  3 

3  8 

450 

283 

0.58 

363 

1480 

ISO 

101 

39 

0  042 

S4 

4  4 

0  81 

0.63 

0.70 

6  4 

3.2 

380 

328 

0  59 

421 

1230 

128 

105 

40 

0  046 

lOS 

8  6 

0.12 

0.07 

0.60 

3.1 

5  7 

210 

539 

080 

820 

1210 

10 

8 

41 

0  046 

102 

8  8 

009 

0.07 

0.62 

3  2 

5  5 

210 

516 

0.80 

795 

1 160 

9  8 

8 

42 

0078 

71 

7.1 

047 

0.34 

1.0 

3  2 

2  2 

440 

267 

0.65 

387 

950 

58 

62 

43 

0082 

130 

10.0 

0.72 

0.42 

0.78 

6  4 

3.2 

320 

369 

0.72 

531 

1000 

SI 

48 
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TABLE  I  Continued— SUMMARY  OF  TESTS  OF  A  NICKEL  CRACKING  CATALYST 


Run 

No. 

SUIFUR  COMPOUND 

SULFUR 

OPERATING 

CONDITIONS 

CONVERSION 

EFFICIENCY 

catalyst  life 

1 

ii 

i! 

liu 

6ft.  J 

U 

5  - 

c  a 

o  a 

I  1 

“  «  ! 
||o 

22  5 

1 

o 

'< 

u 

E 

[f 

iS  J 

oi 

u 

z 

> 

Sti 

1 

z 

Su 

Zm 

1 

ijo 

o 

u 

a5 

8^0 

t 

0 

X 

o 

44 

Hydroqtn  Sul^id# 

0.074 

36 

8  3 

0.40 

0  24 

0 

8  6 

1  2 

360 

391 

0  43 

392 

440 

34 

78 

45 

0  095 

48 

12.0 

0.44 

0  27 

0 

8  2 

1.3 

310 

435 

0  46 

441 

390 

23 

64 

44 

0.125 

66 

13  0 

0  39 

024 

0 

8  0 

13 

390 

348 

042 

354 

520 

21 

42 

47 

0.129 

63 

180 

0.33 

020 

0 

8  3 

12 

290 

362 

043 

364 

360 

IS 

36 

48 

0  031 

26 

4  3 

0  27 

0.16 

0  53 

6  4 

2  1 

290 

410 

0.63 

528 

630 

44 

72 

49 

0  040 

35 

6  5 

0.31 

0.18 

0  50 

6  2 

2  2 

240 

492 

0  70 

659 

540 

35 

61 

SO 

0058 

71 

99 

0.49 

0  21 

054 

6.2 

2  2 

240 

549 

0.76 

796 

520 

26 

48 

SI 

0  080 

68 

120 

0.38 

0  23 

055 

6.5 

2  1 

230 

527 

0.73 

751 

490 

19 

39 

52 

0  080 

69 

10.0 

0  39 

0.23 

l.l 

3.2 

2  2 

310 

354 

0.79 

638 

650 

28 

40 

GROUP 

III 

S3 

Norma)  Propyl  Marcaptart 

0082 

39 

9.9 

0  23 

0.014 

0 

8.1 

1.2 

330 

390 

0.40 

392 

390 

28 

41 

54 

0082 

42 

7  9 

0  23 

0.014 

0 

84 

12 

420 

356 

0.40 

356 

530 

21 

39 

ss 

0082 

39 

9.3 

027 

0.016 

0 

8  7 

13 

350 

381 

0  41 

382 

420 

21 

48 

56 

Dimethyl  Sulfide 

0058 

30 

7.5 

0.15 

0.087 

0 

8.1 

13 

310 

392 

0.42 

394 

400 

16 

35 

57 

0.058 

32 

7.0 

0.14 

0.084 

0 

8  1 

14 

330 

393 

0.42 

397 

450 

IS 

32 

58 

0079 

39 

M.O 

0  29 

0.17 

0 

8  4 

12 

290 

441 

0.46 

443 

360 

20 

51 

59 

0.079 

38 

9.0 

0.26 

0.15 

0 

£5 

1.2 

350 

375 

0.42 

376 

400 

20 

48 

60 

0.058 

32 

6.0 

046 

0.27 

0.31 

7.7 

14 

390 

349 

0.48 

379 

530 

53 

102 

61 

Diethyl  Sulfide 

0.083 

41 

13.0 

0  30 

0.18 

0 

9.1 

1.3 

260 

480 

0.48 

487 

330 

17 

50 

62 

0  083 

71 

9  8 

0  35 

0.21 

1.0 

3.3 

2  4 

330 

340 

0.78 

564 

700 

29 

34 

GROUP 

IV 

63 

Tertiary  Heiadecyl  Mercaptan 

0.035 

19 

4.1 

0  15 

0.089 

0 

7.9 

1.3 

320 

386 

0  43 

386 

430 

25 

56 

64 

0.046 

23 

4.9 

0.10 

0.071 

0 

8  4 

12 

380 

357 

0.40 

388 

450 

18 

37 

65 

0.046 

23 

4.9 

0.10 

0.061 

0 

8  4 

1.2 

380 

340 

0.40 

352 

450 

16 

32 

66 

0.128 

64 

19.0 

0.14 

0.082 

0 

84 

13 

280 

462 

0.44 

464 

350 

5  2 

15 

67 

0.035 

17 

3.5 

0.19 

Oil 

0.33 

8  6 

1.2 

420 

329 

0.50 

334 

500 

38 

78 

68 

0035 

47 

4.0 

0.87 

0.051 

0.78 

62 

3.3 

340 

343 

0.66 

470 

1170 

15 

13 

69 

0.046 

23 

4.5 

0.21 

0.12 

0  33 

8  5 

1.2 

400 

317 

048 

353 

500 

32 

65 

70 

Thiophenol 

0.068 

34 

7.2 

0.1 1 

0.063 

0 

8  2 

1.3 

375 

375 

042 

389 

475 

10 

22 

71 

0.068 

35 

7.7 

0.089  0.052 

0 

8  2 

1.3 

350 

360 

0.41 

364 

450 

8.1 

18 

72 

0.068 

34 

8.2 

0.17 

0.10 

0 

8.2 

1.3 

330 

386 

0.44 

390 

440 

16 

35 

73 

0  068 

33 

7.0 

0.51 

0.30 

0.34 

8.4 

1.2 

390 

341 

0.49 

374 

480 

49 

106 

74 

Carbon  Disulfide 

0.080 

41 

16.0 

0.23 

0.1 1 

0 

8.1 

1.3 

200 

409 

049 

411 

260 

1 1 

31 

75 

0.080 

38 

8  9 

0.5 1 

0.30 

0.27 

8  7 

1.2 

360 

355 

0  51 

396 

400 

38 

95 

76 

0.080 

72 

12.0 

0.42 

0.24 

0  98 

3.1 

2  3 

270 

369 

0.78 

639 

610 

27 

41 

77 

0080 

67 

9  4 

0.18 

0.11 

l.l 

3.3 

2.1 

340 

350 

0.75 

572 

710 

14 

19 

78 

0.080 

67 

9.9 

0.10 

0.06 

l.l 

3.4 

2.1 

330 

365 

0.74 

588 

670 

7  4 

II 

22 
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TABLE  II— SUMMARY  OF  TESTS  OF  NICKEL  SULFIDE  CRACKING  CATALYSTS 


Hydroqtn 

SuMid*  Conditions 


in - — i  r 


u  * 

too  oou 


o 

u 


G«t  Anolytii 


O 

z  u 


Convtriion  Efficiency 

i  i 

**■  « 

u  i  o-i  o  ^ 

uz  «ju  iS  X<  i* 


Catalysts  based  on  porocel  carrier 


1  100%  Pofoc#l 

1900 

1900 

100 

12 

I4S0 

7 

2  8 

44  9 

7.2 

400 

5.1 

1.71 

170 

564 

042 

35 

2 

1900 

1900 

210 

3  7 

I4S0 

6 

2  2 

33  5 

5  3 

500 

9.0 

1.49 

290 

621 

0.47 

30 

J 

1900 

1900 

47 

2  6 

I4S0 

5 

24 

44  4 

48 

42.3 

6.1 

1  69 

80 

578 

0.41 

32 

4 

1900 

1900 

29 

3  6 

I4S0 

6 

2  3 

42  3 

5  2 

43.4 

6  8 

1.7 

50 

583 

0.42 

29 

s 

1900 

1900 

160 

48 

1700 

5 

6  5 

58  4 

10.8 

19  7 

4  6 

2  88 

460 

417 

0.40 

47 

6 

1900 

1900 

260 

4  7 

1700 

6 

3  3 

56  0 

no 

24  6 

5.1 

2  56 

660 

458 

0.38 

40 

J 

1900 

1900 

320 

3  8 

1700 

5 

3  1 

55  5 

1 1.3 

24  7 

54 

2  55 

810 

459 

0.39 

40 

a 

1900 

1900 

1 10 

3  8 

1700 

5 

44 

63.0 

11.5 

17.0 

4  1 

2  98 

320 

407 

0  36 

52 

9  S6%  Ni  iS., 

—  94  4*',  Pororal  16S0 

1100 

19 

4  1 

1470 

10 

18  2 

63.2 

2  6 

1  l.l 

4  9 

2  75 

1 10 

320 

0.43 

72 

10 

16S0 

1100 

22 

4  3 

ISOO 

10 

14  0 

61.1 

16 

18  0 

5  2 

2  8 

62 

382 

043 

52 

1 1 

7600 

8IS0 

21 

4S 

1490 

7 

II  2 

51  8 

2  3 

28  6 

4  1 

2  7 

60 

463 

041 

28 

12 

7600 

7600 

20 

49 

1490 

7 

96 

39  9 

20 

41.5 

7.0 

2  1 

44 

547 

0  49 

21 

11 

7600 

7900 

21 

4  S 

1490 

7 

3.1 

11.2 

0.3 

76  3 

9.1 

1.4 

29 

813 

0.58 

0 

14 

16S0 

16S0 

22 

4  0 

ISIO 

5 

3  8 

36  6 

1  9 

50  8 

69 

1  8 

40 

655 

047 

10 

IS 

16S0 

16S0 

20 

4  4 

ISIO 

5 

3  9 

36.1 

18 

51  1 

7.1 

1.8 

37 

656 

0.47 

9 

16  SS*/.  N.  jSj 

—  94  S%  Pofoc.l  1000 

1000 

7S 

2  6 

1490 

4 

9  6 

41  1 

2.1 

42  0 

5.0 

2  05 

150 

556 

0.74 

21 

i; 

1000 

1000 

22 

4  9 

1490 

4 

III 

53.7 

2.2 

28  7 

4  3 

2  6 

57 

464 

043 

34 

18 

1100 

IISO 

4S 

1.9 

I47S 

8 

9  2 

41.9 

2  8 

40  9 

5.2 

2.0 

90 

549 

0.47 

24 

19 

— 

— 

21 

4  0 

I46S 

10 

134 

62  5 

3.2 

14  9 

6.0 

3  2 

73 

358 

0.42 

56 

20  6  0%  N,3Sj- 

-0.1%  Al  30  3  —91  9%  Potoc.l  1900 

1900 

28 

3  6 

I4S0 

5 

116 

66.0 

12.0 

7.0 

3  4 

3  4 

98 

318 

0.41 

78 

21 

1900 

1900 

4S 

4  2 

I4S0 

5 

lO.I 

614 

12.3 

12.9 

3  3 

3.1 1 

140 

363 

042 

63 

22 

1900 

1900 

180 

4  S 

I4S0 

5 

1 1.2 

44.8 

4.2 

34.0 

5  8 

2.13 

390 

495 

0.49 

33 

21 

1900 

1900 

I7S 

S3 

1700 

10 

9  5 

65  4 

12  6 

8  9 

3  6 

3  41 

600 

337 

0.38 

72 

24 

1900 

1900 

340 

3  4 

1700 

6 

8  1 

54.7 

6  3 

26  2 

4.7 

2  63 

900 

455 

0.41 

36 

2S 

1900 

1900 

230 

4  3 

1700 

6 

3.2 

61.5 

11.3 

20.3 

3.7 

3.12 

730 

434 

0.35 

42 

26 

1900 

1900 

92 

S  7 

1700 

6 

10.0 

68.0 

9  4 

9.6 

3.0 

3  73 

340 

342 

0.37 

67 

27 

1800 

1800 

170 

S  S 

1700 

5 

9.1 

66  5 

12.8 

9.1 

3  5 

3  45 

570 

340 

0.39 

71 

28 

1800 

1800 

170 

SS 

1700 

5 

9.0 

65.6 

12  6 

9  2 

3  6 

3  44 

570 

341 

0.39 

71 

29 

1100 

1300 

170 

S4 

1700 

5 

10.4 

64  3 

10.6 

10.8 

3  9 

3.23 

540 

346 

0.40 

68 

10 

8S0 

8S0 

170 

S6 

1700 

7 

8.4 

63  3 

7.6 

16.9 

3  8 

3.19 

530 

394 

0  38 

50 

11 

1000 

3000 

170 

S3 

1700 

6 

10.0 

650 

1  l.l 

10.2 

3.7 

3  49 

60S 

344 

0.40 

67 

12 

610 

610 

160 

S9 

1700 

6 

8  0 

55  4 

6  4 

25  4 

4.8 

2  72 

430 

450 

0.41 

36 

11  6  ly.  Ni  3Sj 

—  0  1*/.  AI3O3  —  91  6*/.  Poroc»l  1100 

3300 

24 

3  8 

1470 

6 

12.1 

71.0 

1  l.l 

3.2 

2  6 

3.7 

89 

294 

0  39 

89 

14 

1100 

3400 

SI 

2  4 

1470 

6 

11.0 

69  4 

7.2 

9.6 

2  8 

3.19 

165 

340 

0.37 

72 

IS 

1100 

3300 

190 

4  3 

I4S0 

7 

9  6 

45  8 

2  4 

38  0 

4  2 

2  00 

385 

532 

0.45 

30 

16 

1100 

3300 

IIS 

3.1 

I4S0 

6 

10.7 

56  9 

3.7 

23.3 

5  4 

2.75 

320 

425 

0.43 

41 

17 

1100 

3400 

3S 

3  7 

1450 

5 

10.8 

68.2 

9.4 

8  5 

3.1 

1.2 

no 

312 

0  38 

75 

18 

1100 

3300 

24 

3  6 

I45S 

6 

12.3 

70.3 

11.8 

3.0 

2.6 

3.8 

93 

290 

0.39 

89 

19 

1100 

3100 

24 

2  3 

1450 

6 

12  6 

67  5 

7  4 

9  5 

3  0 

3  7 

89 

331 

0.39 

68 

40 

3100 

3100 

24 

0.71 

1455 

6 

9  7 

44  9 

2  6 

38.3 

4  5 

2.0 

49 

537 

0.46 

27 

41 

1800 

<2000 

2S 

3  7 

1455 

10 

114 

61.5 

4  0 

19.7 

34 

3.1 

77 

403 

0.40 

43 

42 

1200 

<1600 

2S 

4  0 

1460 

10 

1 1.6 

61.5 

3.7 

19  9 

3.3 

3  0 

76 

404 

0.40 

45 

41  6  0%  n;  3Si 

—  0  S%  Al  j  0  3  —  91  sy.  Poroc»l  4900 

4900 

39 

3  6 

1450 

5 

5.8 

77.2 

12.9 

1.6 

2  5 

4.0 

160 

301 

0  30 

94 

44 

4900 

4900 

27S 

4  4 

I4S0 

5 

2.2 

51.2 

9  8 

32.8 

4.0 

2.40 

660 

519 

0.39 

27 

4S 

4900 

4900 

16 

3.9 

1450 

5 

60 

70.0 

105 

1  l.l 

2.4 

3  9 

140 

365 

0.33 

60 

46 

4900 

4900 

180 

3.0 

1450 

5 

2.2 

59  6 

12.4 

21.4 

4.4 

3.54 

625 

441 

0.36 

30 

47 

2100 

2200 

11 

4  2 

1450 

10 

12.9 

64  2 

2.9 

14  4 

5  6 

3  45 

NO 

355 

0.41 

54 

48 

2100 

2200 

10 

2.1 

1450 

10 

116 

59.0 

2  8 

21.5 

S.l 

3  0 

89 

409 

0.41 

41 

49 

1900 

1900 

4S 

4.7 

1700 

4 

5  5 

74.0 

15.9 

2.6 

2  0 

4  4 

200 

312 

0.32 

89 

SO 

1900 

1900 

140 

4  4 

1700 

5 

6  2 

70  5 

1 1.4 

9.0 

2  9 

3.92 

540 

351 

0.13 

66 
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TABLE  II  Continued— SUMMARY  OF  TESTS  OF  NICKEL  SULFIDE  CRACKING  CATALYSTS 


No  Cotolylf 


Hydro9on 

SuMido  Op«r«tio9  Condition^ 


Got  An«ly\tt 


I  I 


Eoo  Odu  zo 


i)  ox 


Convtrtion  EUicitncy 


»  i  o  £ 

5]  ^5  a;  S 

»*.  •  Ik  •  ’  ft.*: 

OZ  UO  Za  4^ 


SI 

6.17.  NisSj—  1.17.  AI2O3  — 

92  1*.  Porec*l3500 

3500 

25 

3  9 

1455 

10 

129 

705 

12  2 

1  4 

30 

40 

100 

271 

0.40 

95 

S2 

3500 

3500 

52 

7.0 

1450 

5 

10.4 

66  1 

9  6 

10.5 

3  4 

3.51 

180 

346 

0.39 

66 

S} 

3500 

3500 

100 

3.5 

1450 

5 

2  5 

61  7 

12.1 

20.0 

3  7 

2.99 

310 

435 

0.35 

45 

S4 

3500 

3500 

210 

3  9 

1450 

1 

2.0 

53.1 

10  3 

30  7 

3.9 

241 

515 

508 

0.31 

32 

SS 

607.  N13S2  — 6.2%  AI2O  3  — 

17  1*.  Porocol  3900 

3900 

27 

3.7 

1450 

6 

62 

700 

11.3 

10.3 

2  2 

3.7 

100 

362 

0.33 

65 

S6 

3900 

3900 

55 

3.7 

1450 

6 

12.0 

65  3 

3.3 

149 

4  5 

3.28 

180 

367 

0.39 

55 

57 

3900 

3900 

110 

3.9 

1450 

6 

3  0 

56  8 

12.0 

22  1 

S  4 

2  84 

310 

446 

0  38 

40 

SI 

3100 

3100 

25 

4  5 

1450 

1 

8  4 

63  9 

7.5 

16.8 

3.4 

3.25 

81 

395 

0.37 

SO 

59  3  0*/.  NijSj  — 0  5%  AIj0  3  — 

96  5*.  Poroc.l  3900 

3900 

100 

4  1 

1450 

5 

8  1 

55  4 

65 

25  3 

47 

2.64 

270 

449 

0  41 

38 

60 

3900 

3900 

49 

42 

1450 

6 

7  2 

61  8 

7  1 

20  1 

3.1 

3  II 

150 

420 

0.37 

43 

61 

3900 

3900 

25 

48 

1450 

6 

90 

65  5 

12.7 

9  4 

3  4 

3.3 

14 

343 

0.39 

71 

62 

3900 

3900 

240 

48 

1700 

5 

9.1 

65  2 

13.0 

9.0 

37 

3.31 

800 

339 

0.40 

73 

63 

3900 

3900 

330 

4  2 

1700 

5 

10  1 

61.5 

104 

14  1 

39 

2.91 

950 

370 

0.41 

61 

64 

10.07,  Ni  3S2-O.57.  AI2O3- 

89  57.  Poroc#l  3900 

3900 

28 

3  9 

1450 

5 

9.9 

67  8 

9.3 

9.9 

3.1 

3.7 

105 

344 

0.37 

66 

65 

3900 

3900 

48 

4  5 

1450 

6 

11.5 

65  4 

3  9 

ISO 

4  2 

3.56 

170 

370 

0.38 

51 

66 

3900 

3900 

190 

4.0 

1450 

6 

3.2 

49  1 

90 

33.6 

4.4 

2  35 

460 

522 

0.40 

27 

MISCELLANEOUS  CATALYSTS 

67  22,4%Ni3S}  — 77.67,  AI2O3 

1700 

1900 

95 

08 

1120 

1 

0.2 

0.3 

0.0 

89  8 

9  7 

1.00 

95 

960 

0.64 

8 

61 

1700 

1900 

60 

10 

MIS 

3 

1.2 

2  4 

0.1 

16  7 

9.6 

1.05 

64 

921 

063 

8 

69 

1700 

1900 

32 

0.9 

1110 

3 

2.2 

4  3 

0.1 

83.6 

9.7 

1.15 

37 

897 

0.63 

2 

70 

2300 

2800 

20 

1.9 

1 140 

6 

— 

— 

— 

— 

— 

l.l 

36 

— 

— 

— 

71 

0 

1000 

22 

l.l 

1120 

12 

3.3 

36.1 

3.6 

472 

9.5 

1.7 

36 

633 

0.41 

21 

72 

0 

300 

23 

1.9 

1095 

8 

3.0 

33  2 

3.3 

SI.O 

9.5 

l.l 

41 

647 

0.49 

9 

73 

2400 

2700 

23 

1.9 

1465 

1  1 

9  5 

39.1 

l.l 

391 

9.8 

2.1 

48 

526 

0.50 

22 

74 

Ni  on  ZrSi0  3  (dent*) 

3300 

3300 

34 

2.7 

1450 

6 

3.0 

10  6 

0  2 

77.1 

9.1 

1.3 

42 

135 

0.59 

6 

75 

3300 

3300 

19 

4  8 

1450 

6 

2.3 

91 

0.2 

71  5 

9.2 

1.3 

24 

159 

0.60 

5 

76 

Ni  on  ZrSiOs  (porous) 

3900 

3900 

27 

4.1 

1445 

6 

66 

52  4 

II.O 

250 

5.0 

2  55 

70 

451 

0.43 

41 

77 

3900 

3900 

44 

4.7 

1450 

6 

7.6 

48.0 

8.0 

29  7 

6.7 

2.28 

100 

474 

0.46 

37 

71 

3900 

3900 

79 

4  4 

1450 

4 

7.8 

34  3 

13.3 

38.3 

6.3 

1.82 

145 

533 

0.55 

36 

79 

3900 

3900 

130 

59 

1450 

4 

59 

31.3 

2.3 

53.9 

66 

1  82 

235 

644 

0.50 

10 

10 

Ni  on  N1AI2O4 

3900 

3900 

25 

4  2 

1450 

10 

10.5 

67.4 

95 

9.5 

3.1 

3.6 

91 

340 

0.36 

61 

81 

3900 

3900 

HO 

2.9 

1450 

13 

10.7 

67.2 

96 

9.4 

3.1 

3  60 

390 

338 

0.36 

69 

12 

3900 

3900 

140 

3.2 

1450 

5 

10.3 

65.2 

9  7 

116 

3.2 

3.32 

465 

354 

0.39 

64 

83 

3900 

3900 

240 

3.9 

1450 

5 

5.1 

36.5 

3.9 

49  0 

5.5 

1.80 

430 

615 

0.47 

II 

14 

Commerciel  Ni  C«t*lytt 

3300 

2400 

24 

3.8 

1450 

5 

3.0 

IS.I 

0.4 

72.5 

9.0 

0.7 

17 

835 

0.59 

47 
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PREFACE 


Thi.'  liiilU-tin.  thf  I'lfS^'iith  in  a  'fi-n-s,  prfsciits 
ihi-  rrsult^  Ilf  a  <  riliial  ri'Mi-w  nf  th»-  literal iin- 
inaile  in  the  liltrarie-<  uf  the  Institute  of  (las  T*‘eh- 
niil<iK>  on  the  lApansiiin  U-havinr  of  eoal  during 
earhoni/.ation,  and  a  sur\e\  of  industrial  praetiee 
made  hy  memhers  of  the  Institute  staff  to  deter¬ 
mine  the  present  state  of  the  art  of  coal  cartion- 
i/.ation  '1‘his  work  was  undertaken  as  a  result  of 
theaitioii  of  a  props  t  Kormiilat ion  Sulicommitte*' 
of  the  Ariieriiaii  <Ias  AssiK'iat ion’s  joint  Siilicom- 
niittee  on  Stresses  and  Strains.  This  t'ommittee. 
on  Ma>  IT,  I'.tllt.  moved  that  “a  pro^jram  of  re¬ 
sea  r<h  lie  instituted  as  promptiv  as  possible  and 
that  formal  reipiest  he  made  to  the  proper  author 
ities  to  implement  this  proyrram  ;  a  critical  review 
111  the  present  state  of  tile  art  (lie  made  I  liv  a 
■  pialitied  a^'eiicy.  including'  literature  and  |iresent 
practice  within  the  indiistr.s  and  (that  this  ayo-n- 
c\  I  make  recommendations  of  future  studies  on 
tiindameiital  prohlems  of  coal  carlioiiiiiat ion". 

•Ant icipat Illy'  the  action  of  the  Kormiilat ion  Siih- 
coinmittee.  the  Institute  of  (ias  'reclinoloy'V  ini¬ 
tiated  a  literature  search  in  I'eliriiary .  l!l|!t,  as  a 
part  of  the  Institute’s  liasic  research  iiroyrani.  In 
Oitolier,  I'.i  t'.t.  the  ( las  I’roductioii  Kesearch  (’oni- 
mittis-  of  the  .American  <  las  .Association  sponsored 
t he  lont inuat mii  of  this  stud,\  as  ’’( 'oal  Ivxpansion 
diiriny'  (  arhonization.”  I'roject  under  the 

l’.\  l{  ( I’roinot  ion-.Adv  ert  i  si  ny'- Research  )  I  Man. 
The  project  plan  provided  that  a  literature  surve> 
and  review  of  industrial  iiractice  would  he  fol¬ 
lowed  h>  a  critical  analysis  of  the  material  oh- 
taiiied  with  the  major  ohjirtive  of  formulatiny' 
the  most  promisiny'  plan  of  research  for  deter- 
miniiiy'  the  factors  involved  in  the  evpaiision  of 
(  oal  diiriny'  carhoni/.at ion.  It  was  hoped  that  thes«' 
factors  could  he  siii'cessfllllv  correlated  with  com- 
parativelv  simple  lahoratory  tests  and  that  these 
tests  could  then  he  suhstltuted  for  the  more  dif¬ 


ficult  ami  costly  method  of  lary'e-.scale  pilot-oven 
testing  Thus,  the  ultimate  research  objective  was 
to  dev»do|i  a  sound  method  of  predictiny'  ex- 
|iansion  iH-havior  during  carlsmization  from 
laboratory  measurements  of  fundamental  coal 
propert  ies. 

ITie  literature  containinn  .several  thousand  con¬ 
tributions  on  carbonization  and  on  the  cokiny' 
(irotiert ies  of  coal  and  coal  blends  was  reviewed, 
and  some  two  hundred  references  dealiny'  with  the 
expansion  Ixdiavior  of  coals,  includiny'  the  com¬ 
prehensive  review  of  this  subject  throuy'h  l!tl(> 
made  by  I’lrewer,  were  abstracted  and  studied.  In 
this  study,  emphasis  was  placed  on  the  more  re¬ 
cent  literature  believed  to  contain  the  more  valu¬ 
able  data.  In  addition  to  the  published  literature, 
data  on  bulk  densities  were  obtained  from  two 
.Masters’  theses,  and  on  the  heat  of  wettiny'  of 
selected  coals  from  a  third  .Master’s  thesis,  at  the 
Institute  of  (las  Techiioloy'v. 

.Methods  of  expansion  pressure  control  in  the 
coke  oven  industry  were  studied  during  |iersonal 
visits  to  three  tyiiical  plants.  'I'he  remainder  of 
the  data  on  industrial  practice  was  obtained  from 
the  published  literature.  .An  attempt  was  made 
to  include  all  published  methods  id’ exjiansion  con¬ 
trol.  It  is  known,  however,  that  a  few  plants  use 
s|iecial  methods,  the  details  of  which  have  not 
been  jiublislied. 

riie  authors  wish  to  jznitefullv  acknovv ledy'e  the 
y'uidance  and  assistance  of  the  Project  Supervis- 
iiiy'  Committee,  of  the  (las  Production  Kesearch 
Committee,  and  of  Mr.  T.  L.  KoIm-v  and  I»r.  N.  K. 
Chaney  of  the  .Ameriian  (las  .Association  staff. 

K.  S.  Pettyjohn,  lUncfnr 

Institute  of  (las  Technology 

Chicaj'o,  Illinois 
October.  11)51 


CopyriqKt  i9SI  by  Institut*  of  Gas  TacHnotogy 
r«iNTED  IN  THE  UNITED  STATES  OE  AMERICA 


ABSTRACT 


of  thf  voluminous  literature  on  eoal  earlMtuizatioii  and  coal  pro|>erties, 
in  excess  of  seven  hundre<i  references  have  been  scanned,  and  some  two 
humired  references,  of  s|H‘cial  sijrniticance  to  the  factors  involved  in  the 
expansion  behavior  of  coal  during  carbonization  and  the  origin,  mag¬ 
nitude  and  measurement  of  the  ext)ansion  pressures  develo|H*d  by  coals 
and  coal  blends,  have  U-en  critically  reviewed.  .A  summary  of  the  more 
sitfiiiticant  tindinjrs  and  opiniojis  a|>pears  in  the  iMwly  of  this  re|M)rt.  This 
literature  survey  has  been  supplemented  by  tirst-hand  ins|K-ction  of  cur¬ 
rent  coke  oven  prai  tice  in  nuwiern  plants. 

A  s|H*cial  study  and  analysis  has  been  made  of  |)ossible  correlations 
between  exi)ansion  pressures  ilevelojH'tl  during  carlM)nization  and  the  prop¬ 
erties  (d'  coal  which  were  measured  in  the  laboratory.  From  such  correlations 
it  was  hoped  that  a  definite  ami  scientific  prediction  could  Ik*  made  of  the 
antici|)ated  exj)ansion  l>ehavior  duriiiK  carbonization,  to  assist  the  o|H‘rator 
in  the  .selection  and  blendiiiK  of  coals  for  his  oven  charges,  rather  than 
the  current  more  costly  and  time-consuming  pilot -oven  te.sts.  The  conclusion 
was  reached  that  while  none  of  the  correlations  hitherto  attemptetl  iK*rmit 
coke  oveti  In-havior  to  be  predictetl  from  lalM>ratory  determinations  of 
coal  properties,  nevertheless,  attainment  of  this  goal  is  within  the  po.ssi- 
bilities  of  further  intensive  re.search. 

To  this  end  a  concrete  re.search  proposal  is  outlineil.  the  e.s.seidial  feature 
of  which  is  the  j)rocurement  of  an  adequate  .series  of  re|)re.sentative  coals 
of  known  expansion  behavior  and  coking  projH'rties.  es|K*cially  those  coals 
of  similar  chemical  comjM)sition  but  of  different  known  expansion  liehavior. 
as  predetermined  iti  Russell  oven  testes  and  plant  use  by  coo|H‘rating  coke 
pnxlucing  companies.  The  physical  pro|K*rtie.s  of  this  .series  of  coals  will 
Ik*  exhaustively  .stmlied  by  existing  laboratory  techni(|Ue.s.  ami  the  internal 
structure  will  be  studied  by  newly  developed  pnK'edures  using  the  late.st 
in  laboratory  equipment.  If  no  successful  correlations  can  U*  found,  further 
re.search  is  j)roiK>sed  to  develop  new  methixis  for  the  direct  measurement 
of  the  rates  of  gas  evolutioti  and  the  resistances  to  gas  escajH*  iK-lieved  to 
1h*  the  primary  causes  of  coal  exi)an.sion  pressures. 
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EXPANSION  BEHAVIOR  OF  COAL  DURING  CARBONIZATION 


THE  PROBLEM 


Th«‘  fconomic  i>f  coki*  DVfiis  is  of  dirfct  imiM»rtaiicf  not  only 

to  niomlHTs  of  tho  utility  >ras  industn.  which  o|H‘rat»'  their  own  plants, 
hilt  also  to  those  which  purchase  coke  oven  jras,  or  purchase  coke  for 
manufacture.  Refinements  in  oven  desijrn  have  result»‘d  in  increa.sed  sjH'eil 
and  ethciency,  and  structures  have  necessarily  heconu-  more  complex  and 
expensive.  The  shortages  of  material  and  labor  and  the  cost  of  repairs 
under  pre.sent  conditions  re-emphasize  the  m*cessity  for  the  reduction  or 
prevention  of  damage  to  oven  walls  at  present-day  higher  o|M-ratinK  rates. 

.AlthouK'h  it  is  known  that  other  causes  contribute  to  premature  wall 
failure,  certain  tyix's  of  damajre  have  been  traceil  directly  to  excessive 
expansion  pressures  develo|K*il  during  carbonization.  The  prevention  of 
damage  from  t'xcessive  expansion  pn-ssures  has  been  the  subject  of 
extensive  invest ijrat ion  for  many  years.  Most  of  this  work  has  Ineii  of 
a  i>ractical  nature.  Investigations  have  Inen  made  to  determine  the  elT<*cts 
of  varying  opi-ratiiijr  conditions  in  commercial  plants,  and  to  as.sess  the 
comparative  expansion  characteristics  of  coal  char>res  by  direct  tests  in 
pilot  ovens.  I’nder  pressure  of  national  emervrencii-s  and  U'cause  of  the 
depW-tion  of  .some  of  our  best  coking  coals,  the  im|M)rtance  of  testin^r  coal 
expansion  has  Ki'catly  increased  in  recent  years,  rnfortunately.  the  larj^e- 
.scale  oven  methinls  which  are  la-lieved  to  be  most  reliable  are  costly  and 
time  consuminjr  as  compared  with  ordinary  laboratory  tests. 

.As  a  conseijuence.  there  has  been  more  than  an  academic  interest  in 
recent  re.search  on  the  causes  of  expansion  pressures  during  carbonization, 
and  in  the  tentatively  projto.sod  attempted  correlations  between  the  prop¬ 
erties  of  coal  and  its  expansion  behavior.  .Althoujrh  none  of  these  correla¬ 
tions  have  been  develo|H*d  to  the  ixdnt  where  expansion  behavior  can  be 
accurately  predicted  from  measurements  of  coal  pro|H*rties,  work  of  this 
tyiie  has  shown  considerable  promise.  Ditficulties  have  understandably 
been  encountered  due  to  inadequate  knowledvre  of  a  more  fundamental 
nature  rejrardinK  the  structure  of  coal  and  the  mechanism  of  carlKUUzation. 

The  jiroblem  is.  therefore,  throuKh  a  critical  review  of  the  literature 
and  industrial  practice  to  present  the  state  of  the  art  of  coal  carbonization, 
and  to  recommend  a  comprehensive  program  of  research  directed  toward 
establishing  the  fundamental  factors  KoverniriK  the  expansion  behavior 
of  coals  and  coal  blends  durinjr  carbonization. 
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CONCLUSIONS 

I.  Conclusions  Based  Upon  the  Present  State  of  the  Art 


Krotii  thr  cntu  al  icv  ii-w  of  thf  literal un-  and 
indii't I'ial  iirarlice,  tin-  t'olluwin^'  litidmvrs  and  cun- 
<  are  draw  n  : 

1.  Occurrence  and  Control  of  Expansion 
Pressures 

(  like  niaV  lie  detineil  a'  "Itie  idhelenl.  Ifllldai' 
le'^idiie  ti'im  tile  destructive  dist illat iiMi  (if  certain 
lilt utnitnius  ciials".  The  vdinrnetric  e\|iansiiin  nf 
the  cual  jiarticles  dtirinj'  cai'hnni/at ion  accnnipa- 
nied  liv  e\|iansion  pressures  must  he  accepted  a' 
iieces^arv  to  the  production  of  strong,  well-fused 
coke.  However,  e\ce•^siv e  Volumetric  expansion 
or  e\ces.<ive  eXIiall'^ion  pressure  will  accelerate  the 
normal  rale  of  delerioiatioii  of  oven  walls  Hence, 
methods  of  controlling.'  expansion  pressure  must  he 
employed,  the  more  U'Ual  of  which  include: 

a  I’lletidiny'  of  expandiii)/  coals  with  conlract- 
111).'  coals. 

h  Hulk  deiisitv  I'ev'ulal ion,  hv  varviii).'  the 
particle  si/.e  and  size  di>t riluit ion,  ad.iust- 
nieiit  of  moisture  content,  and  addition  of 
oil. 

(  .Addition  of  inert  materials,  such  as  anthra- 
i  ile  lines,  low  -  and  hiy'h-temperat ure  coke 
hree/.e,  alld  oxidi/.ed  coals. 

d.  .\dditioii  of  pilch  to  I'educe  the  expansion 
of  low  -volatile  coals,  and  to  enhance  the  cok- 
iny*  properties  of  low -rank  coals. 

e  tdiitrol  of  the  rat«‘  of  heatinyr. —  llecreas- 
iny'  the  rale  of  heatiii).'  usually  lowers  the 
expansion  pressure  This  factor  also  per¬ 
mits  vai'vill);  the  hleild  to  accommodate 
dilTereiit  oven  w  idths. 

2  Measurements  of  Expansion  Pressures 

rile  methods  of  contidl  listed  are  applicalde 
onlv  within  i-elatively  naridvv  limits.  The  results 
all'  dillicull  to  predict,  since  the  variables  involved 
are  often  muliiallv  de|>cndenl.  ( 'on.se(|Uent Iv ,  se¬ 
lection  of  proper  hleild  proiioi-iions  and  of  o|ierat- 
111)1  conditions  recpiires  extensive  testiny'  in  pilot 
OV  ells. 

1  .ai'yre-scale  test  ovens  hav  over  a  (H'l’iod  ol 
V  eai  s,  demonstrated  their  adeipiacv  in  determininy' 


the  relative  expansion  hehav  ior  of  coal  chary'es. 
The  more  commonly  used  are: 

a.  'I'lie  Kussell  movahle-w  all  oven,  heated  from 
two  sides,  for  determininy'  expansion  pres¬ 
sure  at  constant  volume. 

h.  'I'he  Hrown-tv  (le  sole-heated  oven,  for  de- 
terminiiiyr  volumetric  expansion  and  con¬ 
traction  at  constant  pressure. 

Uecluctioii  of  such  testinyr  lechniijues  to  heiich- 
■cale  or  lalxprator.v  expansion  testinyr  mettuKls  has 
v  ielded  either  incomplete  or  misleadiny'  results, 

3  Fundamental  Determinants  of  Expansion 
Pressures 

.A  ciitical  analysis  of  the  develoiunent  of  expan¬ 
sion  pressures  shows  that  the  fundamental  deter¬ 
minants  involved  are  two: 

Kate  of  uas  evolution 
Itesislances  to  the  escape  of  Kas. 

'I'he  siy'iiilicant  resistances  to  the  escaiie  of 
y'as  are: 

a.  The  ca|>illary  structure — which  y'ovorns 
the  swellinyr  of  indiv  idual  coal  particles. 

h.  The  plastic  laver — which  determines  the 
pre-|M'ak  iiressure. 

c.  The  plastic  enveloiie-  which  y'overns  the 
(leak  (iressure. 

The  (iidhlems  of  directiv  measurinyr  the  rate  of 
y'as  evolution  and  of  determininy'  the  values  of 
the  resistances  hy  lahoratorv  methods  which  would 
simulate  cok»‘  oven  conditions  remain  to  he  solved. 
None  of  the  vai'ious  coal  (iro|ierties  or  (larameters 
of  physical  measuremtmt  have  as  yet  (irov  ided 
satisfactory  correlations  with  oven  tests  as  means 
of  (iredictiny' ex|)ansion  (iressures. 

.'since  it  is  of  (laramount  iin|vortanci‘  to  the  cok- 
iny'  indust rv  that  the  dwindlinyr  su|i|)ly  of  [iremium 
cokiny' coal  he  etTect iv cly  utilized,  increased  knovvl- 
edyre  of  the  ex(iansion  hehavior  of  coal  duriny'  car- 
hoiii/.ation,  and  sim|iler  and  more  accurate  meth¬ 
ods  of  (iredictinyr  such  hehavior.  ha.sed  on  lahora¬ 
torv  tests  for  chemical  and  (ihysical  |iro|ierties  of 
coal  and  coal  hleiids,  are  sorel.v  needed. 
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II.  Recommended  Program  of  Research 


Thf  iritical  n-vit-w  nf  tho  rt'st  arch  tiialiiiKs  and 
<»(■  tho  practical  c-xi»‘ric“iK»-  (U*scril>t*(l  hcrciii  has 
led  to  the  conclusion  that  the  follovvin^r  research 
pro^M’am  otTcu's  a  reasonaliU*  and  practical  approach 
to  the*  solution  of  the-  I’rohlern  : 

OIJJKCT — '!'(»  (h'velop  correlations  between  1)  the 
known  expansion  l)«-ha\  ior  and  coke  (juality.  and  12) 
the  chemical  and  t)hysical  pro|K-rti»-s  of  c<ials  and 
coal  blends,  to  ix  rmit  the-  |tr»“diction  of  expansion 
lK-ha\  ior  from  sim|ile  inexpensive  lalxiratory  t*‘sts. 

I'LAN  A. —  Kepresemtative  samples  of  type-s  of 
cojtls  and  coal  blends  with  known  expansion  b*‘- 
havior  as  det»*rmined  by  actual  Kussell  movable 
wall  pilot-oven  tests,  and  of  coke  cpiality  from 
plant  <tp»*ration.  will  be  obtain*‘d  from  c(M»iHMatinK 
compatues.  Thc'se  select»‘d  coals  and  coal  blends 
will  be  subjected  to  acceiited  chcmdcal  and  phys¬ 
ical  tests  such  as  proximate  and  ultimate  anal\  sis. 
frc‘»‘  swelling  index,  Iluidit.c  by  (lieseler  plastom- 
c-ter,  x-ra>  ditfraction.  and  other  tests.  The  in¬ 
ternal  structure  of  the*  particles  of  the.sc-  same  coals 
and  coal  blends  will  b*-  measured  by  one  or  more 
of  the  followin^r  methods: 

a.  Internal  surface  area  (by  I>runjiu»-r-Km- 
mc‘tf-Tell»‘r  surface-  ar»-a  measurement  pro¬ 
cedure)  . 

b.  Porosity  (compute-d  from  the  true-  and  ap- 
jiarent  s|K-cific  jrravities). 

c.  Heats  of  wettin^r  of  the  coal  particles  by 
various  .solvents. 

d.  Moisture  absorption  (from  the  determitia- 
tion  of  efpiilibrium  moisture  content  at 
varying'  relative  humidities  and  the  .satu- 
rat*‘d  and  air  drie-d  moisture  contents). 

Ai\  atte-mpt  will  then  be  mad*-  t*»  corrt-lat*-  the 
ilata  fntm  th*-  laboratory  tests  with  the  pilot-ov*-n 


and  plant  r*-sults.  both  as  to  expansion  In-havior 
and  cok*-  ipiality.  Thus,  by  starting  with  >rrou|'s 
of  coals  of  pr*--d*-tt-rmin»'il  expansion  b«-ha\ior,  th*- 
pres»-nc«-  or  abs«-nce  of  any  correlation  b*-tw*-*-n 
11  acct-pt*-d  chenucal  and  physical  ti-sts.  aiul  2) 
int*-rnal  structur*-.  with  :>)  *-xpansion  b*-havior 
and  coke  ipiality,  will  b*-  immt-<iiately  evid«-nt.  To 
th«-  t-xt*-nt  that  useful  correlations  can  b»-  fouiul. 
th»-y  will  provid*-  thi-  dt-sired  m«-an.s  of  prt-dictinjr 
th*-  *-xpansion  behavior  of  coal  anil  coal  bl*-n*ls  in 
ad\anc*-  of  the  slo\\*-r  and  mor*-  costly  o\*-n  t*‘sts. 

PI..\N  |{.  In  th*-  *-\*-nt  the  ti-stinjr  proc*-*iur*-s 
outlin*-d  abov*-  do  not  pro\  id*-  satisfactor\  cor- 
r*-lations.  it  will  b*-  n*-c*-ssary  ti*  d*-v*-lo|i  n*-w  t*-sts 
of  a  kinil  which  for  th*-  r*-asons  discussi-*!  h*-r*-in 
may  b*-  *-x|K-ct«-*l  to  sh*»w  th*-  d*-sir*-d  corr*-lations. 
Th*-s*-  t*-sts  will  includ*-  dir*-ct  m«-ans  for  m*-asur- 
invr  1)  th«-  rat*-s  of  yms  «-volutii>n  as  th*-  coal  is 
h*-ated,  and  2)  th*-  p*-rm*-ability  of  th*-  plastic  lay*-r 
and  plastic  *-n\elop*-.  or  alt*-rnativ*  l\ .  d)  .som«- 
meaiis  of  m*-asurinjr  coal  viscosity  at  *-l*-\at*-d 
t*-mi»«-ratur*-s — usinvr  pr*-ssur*-  to  r*-tar<l  d*-struc- 
ti\e  distillation.  Th*-  basic  starting'  (Miiiit  for  the 
d*-\*-lojim*-nt  of  th*-.s*-  n*-w  t*-sts  wouhl  r*-main  the 
sam*-  as  for  th*-  initial  work.  nam*-ly.  th*-  *-xist*-nc<- 
of  a  s*-ri*-s  of  r*-|ir*-s*-ntati\ *-  *-xampl*-s  of  tyi>ical 
coals  and  coal  bl*-nds  of  pr*-d*-t*-rmin*  *l  *-xpansion 
b*-ha\  ior  anil  cokinjr  proiM-rti*-s  upon  w  hich  t  In¬ 
utility  of  the  new  t*-chni*pi*-s  can  In-  *-lT*-ctiv*-ly 
testi-d. 

For  th*-  initial  t*-sts  in  Plan  A  abov*-.  a  r*-ason- 
able  sur\*-y  could  In-  accomplish*-*!  in  approxi¬ 
mately  one  y*-ar.  An  *-xt*-nsion  of  this  approach 
to  additiotial  coals  and  to  oth*-r  hn-ations  njijrht 
tak*-  substantially  lonjrer. 

Th*-  de\elopm*-nt  of  m*-thods<if  m*-asurin>r  rat*-s 
<»f  jras  *-\*)lution  and  th*-  p*-rm*-ability  of  the  plas¬ 
tic  layers  invoh  *-  a  tim*-  *-l*-m*-nt  which  cannot  In; 
estimati-d  at  this  tim*-. 
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DISCUSSION 


fX|>aiisi<>M  (usually  lu-y'atiscl  of  tho  hiy'h- 
\nlatiU'  nial.  uhii-li  iti  turn  was  fuuiul  to  li*“ 
a  furution  of  volatiK-  matter  and  air-dry 
moisture. 

'I'lie  ini-lusion  of  \arious  moisturt*  iriteria  in  ex- 
(lansion  c-orrelation  and  eoal  classiliration  is  proof 
of  the  imi«>r1anre  of  physiial  struiture.  However, 
presentl.v  employed  moisture  metliods  for  obtain¬ 
ing'  information  about  physical  structure  hav*-  the 
following'  disadv antay'es: 

a.  Total  moisture  is  not  representative  of  hed 
moisture  on  as-receiveil  samples, 

h.  .Air-drv  moisture  is  imt  a  deCmite  (plant ity. 
hecause  of  dependence  u|H)n  ambient  tem¬ 
perature  and  humidity,  and  other  factors. 

The  selected  measures  (volatile  matter.  Iluidity 
and  moisture)  have  driven  only  indirect  measure¬ 
ments  of  the  resistances  (of  the  capillarv  struc¬ 
ture.  plastic  la.ver  and  plastic  envelo|w‘)  eiicoun- 
tei’ed  and  have  shown  either  ai>proximate  or 
limited  relationshi|)s.  .Mthoujrh  the  correlations 
presented  between  expansion  behavior  and  coal 
proiMU'ties  leave  much  to  be  desired,  the  ndation- 
shiiis  are  much  closer  than  would  be  ex|K-cted 
from  tile  laws  of  chance,  particularly  when  errors 
of  measurement  are  taken  into  consideration.  'I'he 
reason  that  these  correlations  have  not  been  com¬ 
pletely  successful  in  predicting'  expansion  over 
the  whole  ran^'e  of  coals  and  coal  blends  is  that 
the  coal  proiM-rties  seU'cted  are  inadeipiate  indi¬ 
cations  of  the  following  two  fundamental  iiroiHU- 
ties.  namely: 


The  problem  in  the  selection  of  coals  for  con¬ 
trol  of  •  xpansioti  pre.'sure  durinj.'  carbonization 
Is  not  one  of  di^t  inyui-hinv.'  between  coals  of 
dillereiit  rank  or  of  widelv  ditferent  chemical 
cotn|tosit  loll',  as  measured  by  proximate  and  ulti¬ 
mate  anaivses.  but  i--  one  of  ditferent iat iny'  be¬ 
tween  coal'  of  the  same  rank  and  apparently 
ideiitnal  (  hemical  com|Misit ions  which  exhibit 
widelv  divergent  expansion  behaviors. 

I.  Inadequacy  of  Existing  Correlations  Betvneen 
the  Expansion  Behavior  and  the  Properties 
of  Cool 

.Mtempts  to  correlate  expansion  behavior  with 
phvsical  and  cheiniial  properties  of  the  coal  have 
met  withoiilv  limited  success.  I''or  example : 

a.  ITiere  are  specitic  cases  in  wliich  expan¬ 
sion  decreases  as  volatile  matter  increases, 
indicating'  that  volatile  matter  mav  func¬ 
tion  more  as  an  inverse  indication  of  re¬ 
sistance  than  as  a  direct  indication  of  rate 
of  yas  evolution. 

b  .Severe  limitations  attend  the  use  of  (liese- 
ler  lluidit  V  to  indicate  t  he  resistance  otfered 
by  the  plastic  envelope  to  the  lloVV  of  ^'as 
(  permealiilit  v  I .  i'he  expected  inverse  re¬ 
lationship  between  iluiditv  aiid  expansion 
pressure  holds  onlv  for  the  mediutn-volatile 
and  (crtain  of  the  low -volat ile  coals.  Coals 
at  the  limits  of  the  coking'  band,  and  oxi¬ 
dized  and  hiy'h  inert  ihartzes  exhibit  both 
low  iluiditv  and  low  expansion  pressure, 
l-'luiditv  criteria  are  of  limited  application 
to  lileiids.  since  hi^'h-v olat  ile  coals  of  either 
hiy'h  or  low  tluidilv  vv  ill  decrea.se  the  expan¬ 
sion  pressures  of  low  -  volat  ile  coals. 

c.  Ill  the  absence  of  other  information  con¬ 
cerning'  phvsical  structure,  reliance  has 
necessarilv  been  (ilaced  ui>on  various  mois¬ 
ture  criteria.  The  expansion  pressures  of 
binarv  blend'  were  found  to  be  more  clost'- 
Iv  related  to  the  aii-drv  moisture  of  the 
hiyh-volatile  coal  than  to  any  other  factor. 
Similarl.v,  the  volume  expansions  of  blends 
were  found  to  be  primaril.v  a  function  of  the 


Hate  of  itas  evolution. 

Hesi.stances  to  the  escape  of  tfas. 

II.  Study  of  New  Methods  and  New  Correlations 

The  more  promising'  approaches  to  the  problem 
of  relating  expansion  behavior  to  coal  (iroiH-rties 
would  seem  to  (h'liend  either  on  tht'  tiiidinj'  of  more 
precise  means  of  predicting  their  etfects  from 
other  coal  propertit's.  which  can  be  measured  by 
existinjr  methods,  or  on  the  development  of  new 
methiKls  of  measurini.'  these  two  fundamental  prop¬ 
erties  directly. 
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III.  Relationship  of  Permeability  to  Fluidity  and 
Swelling 

KfSfarch  should  Ik-  dir»-ct«-d  toward  asi«-rtaiii- 
injr  the  causes  for  rhfTerences  in  |K-rnu‘ahility.  For 
uiihlended  coals,  there  is  evidence  of  a  relation¬ 
ship  between  iH-rnieahilit y  and  thiidity  o\er  lim¬ 
ited  ranges,  the  irre^'ularities  heinv'  cretlit»‘d  to  a 
discontinuity  of  the  plastic  laver  ilue  to  insutticient 
sw«-llin>r  of  the  coal  jiarticles.  .Attempts  currently 
in  pro^M'e.ss  to  improve  the  (lieseler  i>lastometer 
should  e\t-ntuall.\  lead  to  more  satisfactory  meas¬ 
urements  of  Iluidity. 

To  measure  the  sw*-llinjr  of  coal  i)articl»-s  is  a 
dillicult  prohlem.  Tin-  only  swellin>r  metluHi  pres¬ 
ently  accepted  is  the  free-swt-llin)r  index.  This  may 
not  prove  to  he  directly  apidicahle  to  swelling  dur- 
in^' carhoiuzation  l)ecaus»-of  the  rapid  rate  of  heat¬ 
ing  used.  .A  dilatometer  test,  as  for  exampU-  some 
nuulitication  of  the  Av:<le-l)amm  lutK-edure.  may 
olTer  a  better  approach. 

On  the  other  hanil.  since  swellinjr  of  individual 
particles  is  so  ditlicult  to  measure,  measurement 
of  the  resistances  (or  forces)  involved  in  swellinjr 
may  he  i)referahle. 

For  blended  coals,  a  determination  of  the  tem- 
IM-rature  ranjres  of  Iluidity  and  of  the  free-swell- 
injr  index  of  the  constituent  coals  may  |H-rmit  a 
prediction  of  the  resulting  |H*rmeahility. 

IV.  Relafionship  of  Swelling  fo  Internal  Struc¬ 
ture 

The  theory  of  lU-rkowitz.  that  coking  projK-rties 
are  clo.sely  related  to  |)hysical  structure,  should 
h»-  further  invest iy'ated.  Kimwledjrv  of  physical 
structure  may  he  useful  in  predicting  swellinjr  be¬ 
havior.  particularly  for  hijrh-volatile  coals,  thus 


makintr  it  (Missihle  to  relate  physical  structure  di¬ 
rectly  to  (K-rmeahility .  I’recise  measurement  of  the 
absolute  surface  areas  may  Ik*  obtained  by  cal¬ 
culation  from  adsorption  isotherms  observ***!  by 
use  of  the  Hrunauer-F.mmett-Teller  apparatus.  It 
may  also  Ik-  |M>ssible  to  substitutt-  for  th»-  above 
the  relative  surface  area  obtained  !)>  the  compar¬ 
atively  simpU-  meth<Hl  of  heat  of  wettinjr. 

The  stamlard  methisls  for  obtainiiiK'  indin-ct  in¬ 
formation  concerning  the  physical  structure  of 
coal  are  the  total  and  air-dry  moisture  contents, 
the  limitations  of  which  have  been  nu-ntioiu-d.  For 
these  measur»-s,  the  jxirosity  as  calculated  from 
true  and  appan-nt  d»-nsities  may  jK-rhaps  Ik-  sub¬ 
stituted.  Al.so,  the  measurement  of  the  amount  of 
moisture  adsorbed  at  standard  humidity  and  tem- 
|K-raturt-  may  jirova-  to  be  satisfactory. 

V.  Relationships  Between  Physical  Properties 
and  Chemical  Analysis 

Since  it  has  lK-»-n  shown  that  some <le^m-e  of  r»-la- 
tionship  exists  b*-tween  physical  pro|K-rti»-s,  such 
as  .softeniiiK  and  swellinj;.  anil  the  proximate  and 
ultimati-  analysis,  it  is  |K»ssible  that  further  sim- 
plitication  of  expansion  testing  may  Ik-  achieved 
by  relatinvr  the  chemical  analysis  to  physical  prop¬ 
erties.  w  hich  may  be  more  easily  correlated,  and  to 
expansion  behavior. 

Some  pro^rr»-ss  has  been  made  by  Kus.sell  and 
Mrewer  in  relating  thiidity  to  proximate  analysis, 
and  by  .Mott  in  corn-latiiiK  swt-llin>f  projK-rties  and 
aK^^hltinatin^r  value  with  ultimate  analysis.  The 
collection  of  more  comparative  data  on  these  proji- 
ertit-s,  includin(r  permeability,  on  Ki‘"iips  of  chem¬ 
ically  similar  coals,  may  (K-rmit  a  In-tter  inter¬ 
pretation  of  the  iidluence  of  chemical  com|M>sition 
ujKui  cokinjr  behavior. 
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Fig  1-S  INTER  RELATIONSHIPS  OF  EXPANSION  PRESSURE,  COAL  RANK, 
AND  GIESELER  FLUIDITY 

|D<i«a  from  Rusicll  «nd  Perch)lt’ 


EXPANSION  BEHAVIOR  OF  COAL  DURING  CARBONIZATION 


SUMMARY 


I.  Damage  to  Oven  Walls 

Anmti^r  th<-  causes  for  pn-niatuif 

failur*'  of  cok**  ovoii  walls  ar**:  distortion  and  do¬ 
st  ruction  l»y  tho  f\])ansion  pr«'ssiin‘  of  the  i-har>r»*, 
disrupt i\»*  forces  exerted  l>y  the  pusher  when 
there  has  heeii  insulhcieiit  contraction  t>f  the 
charge,  thermal  shock  of  wet  coals,  too-rapid  heat- 
injr  or  cooliny^  schedules,  slay'y'injr  action  of  miiu-ral 
matter,  and  c<K)liny'  of  the  ends  hy  delaying  the 
replacement  of  <l«M>rs.-'  '•  This  re|K>rt  is  con- 
ct  rned  with  the  first  two  causes,  those  due  to  ex- 
pandiny'  coals. 

II.  Mechanism  of  Carbonization 

The  generally  accepted  theorv  for  the  carhoniza- 
tion  of  particulate  cojil  is  that  the  inlliUMice  of 
heat  causes  the  particles  to  soften,  swell,  and  de- 
\olatilize.  and  that  these  processes  must  he  ac¬ 
companied  hy  sutlicient  pressurt“  to  deform  the 
swollen  particles  into  a  coherent  mass.  In  the 
ordinary  cokiny'  process,  the  pressure  results  from 
the  weiyht  of  the  superincundii-nt  coal,  anil  from 
the  restraininy^  <d'  yases  of  decom|Misitiou  hy  the 
coal  particles,  plastic  layers,  or  plastic  en\elo|H-. 
Kxcessi\i“  pri’ssure  is  ot  course  undesirahle.  be¬ 
cause  of  its  elfects  U|ion  oven  walls.  These  priK- 
esses  of  softeniny.  swelliny.  and  devolatilization 
occur  simultaneouslv .  hut  will  hr  considered  sep¬ 
arately  to  the  extent  that  is  possible. 

.\.  Softeniny.  The  elfect  of  heat  in  causiny  the 
transformation  of  coal  from  the  solid  to  the  plas¬ 
tic  state  has  been  ascribed  to  the  increased  rate  of 
oscillation  of  molecules  or  atomic  yroups  at  the 
micellar  surfaces  at  hiyher  temin-ratures.  with  a 
resultiny  decrease  in  the  intrinsic  streiiyth  of 
the  coal.'-'  The  chaiiye  with  temperature  in  tluid- 
itv  of  the  puherized  coal  mass  has  been  measured 
with  torsional  plastometers.  usually  of  the  (lieseler 
t,\pe.  Kussell  has  shown  the  characteristic  rela¬ 
tionship  between  coal  rank  and  plasticity  as  meas¬ 
ured  with  the  (lieseler  plastometer  for  tvpical 
coals  t.o  be 


Typicat  Coal 

Plastic  Temperature  Range  C 

1 - 

Rank 

Volatile  * 
Matter  % 

^Initial 

Pusion 

Maiimum 

Fluidity 

1 

Solidification 

Low  Volatiia 

17 

440 

480 

500 

M»d  -Volatile 

22 

395 

'  475 

505 

High  Volatile 

34 

370 

450 

480 

High  Volatile 

33 

380 

440 

455 

The  relationship  between  maximum  Iluidity  and 
coal  rank  is  shown  in  Fiy.  l-S."'"  Other  factors 
which  itdluence  the  tiuidity  include: 

1.  Itecreasiny  the  rate  of  heatiny  shortens 
the  temiH-rature  ranye  of  plasticity  and  de¬ 
creases  the  Iluidity.'"-  "  ' 

<  Ixidation  of  the  coal  has  a  similar  elTect."' 

.■>.  lliyh  concentrations  of  anthraxylon.  trans¬ 
lucent  attritus  and  cannel  coal  increase  the 
tiuidity.  " 

1.  lliyh  loncentrations  of  ash.  opaipie  attri¬ 
tus.  and  fusain  decrease  the  Iluidity.-" 

T  he  relationship  between  maximum  iluidity  and 
expansion  pressure  is  also  show  n  in  Fiy.  1-S.  .Most 
of  the  low-,  medium-,  and  hiyher-rankiny  hiyh-vol- 
atile  coals  show  the  expected  inverse  relationship 
between  Iluidity  and  expansion  pressure.  The  coals 
at  the  limits  of  the  cokiny  band  are  anomalous  in 
that  they  show  both  low  Iluidities  and  low  ex¬ 
pansion  pressures.  It  is  probable  that  the  swelliny 
of  the  latter  coals  is  insutlicient  to  form  continu¬ 
ous  plastic  layers. 

It.  Kate  of  \  olatilizal  ion.  The  chanye  in  rate 
of  volatilization  of  typical  coals  as  the  tempera¬ 
ture  is  increased  is  shown  in  Fiy.  2-S.''  The  re- 
.eions  of  maximum  rates  of  yas  evolution  corres¬ 
pond  with  those  of  maximum  Iluidity.  Comparison 
with  expansion  pressure  curves  of  the  coal  indi¬ 
cated  that  expansion  pressure  was  due  to  the  liber¬ 
ation  of  relatively  larye  amounts  of  volatile  mat- 
tei-  while  the  coal  mass  was  in  a  viscous  condition. 
While  these  lelaMonships  have  bei-n  used  to  make 
ipialitative  predictions  of  expansion  pressure. 
the  interpretatien  is  dillicult.  and  some  investiya- 
lors'"  hav«“  not  been  able  to  correlate  data  of  this 
kind  with  expansion  pressure. 

Swelliny  vs.  Internal  .'siruclure.  Herkowitz 
has  explained  the  swelliny  of  coals  by  reference  to 
their  internal  structures.'  '  Kecent  research'"  con¬ 
ducted  in  Knyland  on  the  physical  structure  of  coal 
indicates  that  coal  is  built  up  <d'  ayyreyates  of 
molecul*‘S  (micelUsi  separated  by  capillaries, 
whose  averaye  dianieti-r  is  of  the  order  of  Id  any- 
stroms.  The  absobite  surface  areas  of  the.se  cap¬ 
illaries  as  calculat'd  from  adsorption  isotherms 
have  been  reiMirteil  for  only  a  few  coals.  .More 
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NOr^  IXPanD'NG  COAl 


tXFANOIHG  COAL 


KUIDITr  GKSLlia  Di«s  >(•  MIN 

VOLATll.i;*TION  IIATl  MG  MIN  (0>  S  GM  SAMALE 


Fiq.  2  S.  Fluidity  Voldtiliiatlon  Relationjhipj"' 


t  nmplrtf  ilatii  I  I-'iL'.  .".-SI  ar»‘  a\ailalil«*  shouiiiLT 
the  iclatur  .siiilaLf  ai't-as,  as  (iftcrtniiu-d  liy  heat 
Ilf  wi-ttiiiLT  III  iiu'l liaiiol.  I'lir  i-uals  of  various  vola- 
t  ill'  mat  tiT  I  oiiti'iit .  ■" 

rill'  volimii'  of  I  hr  l  apillarv  sparrs  has  hrm 
I'.'t  imati'ii  ftoiii  mra'iirrmi'iit  of  thr  triir  ami  ap- 
pai'i'iil  ili  iisit  11'';  ■"  Will'll  (Mirositv  was  plottrd 
avraiiist  volatilr  matliT  ( E'lvr.  l-S).  thr  samr  t.vpr 
of  I'lirv  at  nil'  was  shown  as  for  surfacr  arra. 

Siiii’i'  I’oals  ill  t  III'  natural  l  omlition  i-ontain  mois- 
tiiri'  ailsoi'lird  on  tin-  lapillarv  si.rfaii's,  it  would 
hr  rxprrtrd  that  nioistillr  rontfllt  rlirvrs  would 
rrsi'inhlr  t  ho>r  oh>rr\  rd  for  snrfa.'r  arra  and  (Hiros- 
it>.  'I'hr  similarity  is  rvidrnt,  whrthrr  moistnrr 
IS  I'rpoi'trd  on  thr  total,'*'  air-ilrird,  or  .StI' ,  hu¬ 
midity'''  moist iirr  basis,  Ki^r.  .S-.S  shows  thr  rr- 
latioiiship  whirh  has  hrrii  ohscrvrd  hrtwrrn  hrat 
of  wrttiiiLr  and  air-drird  moist urr.''" 

.Mrasurrmi'iits  of  apparmt  .Irnsitirs'  '  "  and  of 
hrats  of  wrttiiiLT  '  of  roals  and  rhars  shownl 
"drifts"  of  driisitv  with  timr.  and  variations  in 
hrats  of  wrttiny.  whirh  roulii  hr  arrountrd  for 
onlv  h>  thr  pirsi'iirr  in  thr  ra)  illarirs  of  ronstrir- 
tions,  of  diamrtrrs  approximatiiiLr  thosr  of  simpir 


molrrulrs  (2  to  ~t  aiiLTstroms).  It  was  also  ohsrrvrd 
that  thrsr  ronstrii'tions  wrrr  prrsrnt  most  oftrii 
in  thr  rokiiiK  roals. 

l-'rom  this  ohsrrvation  it  would  ap|K'ar  that  thr 
poorly-rokiiiLr  and  iion-rokinK  roals  arr  rhaiartrr- 
izrd  hv  a  romparativ rly  o|H'n  typr  of  capillary 
striirturr,  whrthrr  judLrrd  hy  surfarr  arra.  |M.ros- 
itv .  or  roiistrirtions.  Stiidirs  of  thr  intrrnal  striir- 
turrs  of  roals  and  thrir  rokrs  piiKlurrd  at  ditfrirnt 
ti'inin'raturrs  showrd  that  capillarity  (s-rsistril 
throuLrhout  rarlMtni/.ation,  and  thrrrforr  romplrtr 
fusion  of  thr  coal  did  not  takr  plarr." ' 

.Arrordinjf  to  thr  throrv  of  r.rrkowit/,,  thr  swrll- 
iny  of  partirlrs  of  rokiiiLr  mal  is  dur  to  thr  rn- 
trapmrnt  of  jrasrs  of  drromiMisit  ion  w  ithin  thrrap- 
illarv  striirturr  drsrrihrd.'''  'I'hr  ratr  of  ditfiision 
of  thrsr  ynisrs  to  thr  rxtrrior  of  thr  partirir  will 
hr  Ltovrrnrd  hy  thr  imrr  diamrtrr  and  constric¬ 
tions.  In  thr  rasr  of  thr  rokiny'  coals,  thr  rrstrir- 
tivr  naturr  of  thr  capillary  striirturr  caiisrs  a 
huild-up  of  Ljas  prrssurr  within  thr  iMirrs.  .As  thr 
trmiM'raturr  is  incrrasrd.  thr  coal  softens,  and 
thr  pri'ssiirr  of  tlm  interior  jrasrs  distends  thr  par¬ 
ticle.  In  confirmation  of  this  theory,  tests  have 
shown  that  slow  rates  of  hratiiiK'  (<•.')  ('  |H'r  min.) 
will  LTiratly  su|iiirrss  swrlliiiLT.  and  rapid  rates  will 
produce  cokr-likr  rrsidiu  s  from  normally  non-cok- 
iiiLt  coals. 

.Mott,'-'  hy  mrasurmirnt  of  thr  swelling  of  in¬ 
dividual  coal  iiarticlrs,  showed  that  thr  cokiiiLr 
coals  arr  characterized  hy  hiLth  percenta>rrs  of 


volatile  MATTEHItfoll.X 


Flq.  3-S,  The  Heats  of  Wettinq  of  Coals  of 
Dlfferinq  Volatile  Matter  Contents”' 
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Fig.  4-S.  Porosities  of  Coals  of  Differing 
Volatile  Matter  Contents** 

swelling,  that  swfllinjr  incmisos  with  thf 
ratr*  of  heatiiiK,  and  that  l)ri^rht  coal  swidls  more 
than  dull. 

On  the  hasi.s  of  internal  structure,  the  anomalous 
Iluidity-expansion  behaviors  of  coals  at  the  limits 
of  the  cokinjr  hand  are  accounted  for.  since  these 
coals  would  not  he  e.x|H*cted  to  swell  sufficiently  to 
form  continuous  plastic  layers. 


heat  of  «ettih&,CalS/6m  (dot) 


Fig.  5-S.  The  Relation  Between  Heat  of  Wetting 
and  Air-Dried  Moisture  Content  of  Coals^* 


III.  Mechanism  of  Development  of 
Expansion  Pressure 

AcconliuK  to  11.  KojtiH-rs.  expansion  pressure  is 
due  to  the  entrapment  of  jru.ses  of  d«‘com|Hisition 
within  the  plastic  layer,  the  pressure  faMiijr  de- 
IH-ncU'iit  U|)on  the  vi.scosity  of  the  layer  and  thr* 
rate  of  >ras  evolution.''*  After  the  i)ressure  com¬ 
presses  the  char^'e  to  its  maximum  hulk  density, 
the  full  «-xpansi<in  pressure  must  he  exerted  on  the 
o\«-n  walls.  If  oidy  a  sliv'ht  coke  shrinkage  <Kcurs, 
pressure  on  the  walls  is  maii\taint‘d  as  the  plastic 
layer  projrres.ses  toward  the  mid-plane  of  tht*  oven. 
.At  the  time  of  nieetiiiK  of  the  plastic  layers.  n*‘ai- 
ly  all  exj)ansion  pressure  cur\es  show  a  iM‘ak. 

Russell  has  assigned  the  cause  of  ex|>ansion  pres¬ 
sure  to  the  entrapment  of  jrases  within  a  continu¬ 
ous  plastic  envelojw  formed  hy  plastic  layers  mov- 
iiiK  in  from  walls,  tloor,  r<K>f.  and  d<Mirs.'*  '  “Near 
the  enil  of  thecokintr  |H*ri(Hl  w  hen  the  plastic  seams 
are  meeting  at  the  center  of  the  oven,  and  with 
the  envelo|)e  still  entrappin^r  the  jtases,  the  rate 
of  heating  increases  sharply  .  .  .  |due  to  pn-dryieijr 
and  preheat  inn  l>rior  to  evolution  and  to  the 
effect  of  heatinn  from  Intth  walls]  .  .  .  thus  in- 
creasinn  the  amount  of  nas  evolveti  with  the  net 
result  that  the  pressure  ri.ses  rapidly.”  Represent¬ 
ative  expansion  pressure  curves  are  show  n  in  Fin- 
tj-S."'  It  has  been  found  that  low-  aiul  medium- 
volatile  coals  ordinarily  exhibit  the  |K‘ak  pressure 
described,  to  the  extent  shown  in  Fin.  10-S.  In 
the  case  of  hinh-volatile  coals,  the  envelope  is  com- 
|)aratively  jH-rmeahle,  and  this,  tonether  with  the 
larne  coke  shrinkane,  |)ermits  the  easy  escajH-  of 
nas;  consecpientlv ,  in  many  cases  no  |H-ak  pres¬ 
sure  results. 

These  explanations  indicate  that  a  numlK*r  of 
simultaneous,  .separate  pna-esses  are  involved  in 
the  build-up  of  nas  pre.ssure  within  the  plastic 
coal,  and  the  net  pressure  is  transmittefi  to  the 
walls.  The  efft'Cts  of  each  of  these  variables  uikui 
coal  expansion  will  be  separately  considered. 

(ompressihilily  of  Charne.  The  j)robable 
efft'ct  of  this  factor  is  the  reduction  of  expansion 
pre.ssure  durinn  the  early  part  of  the  carboniza¬ 
tion  iH“riod.  The  pressures  within  the  plastic  lay¬ 
ers  durinn  this  ix-ruHl  may  be  relieved  by  ex|«in- 
sion  of  the  layer  and  compression  of  the  uncarbon- 
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i/.i  il  mill  ll<•twl•«■rl  Ihf  liiyiT.'.  Hovm-mt.  thiTf  is 
MO  |Nissitiilit>  ol  pri'.smirf  rrliof  in  this  rnaiiiu'r 
with  i  hiitv  s  "I  hiy'h  hulk  dfiisity.  atiil  afti-r  niax- 
miurii  hulk  ih'iisitN  luis  hi-fn  attaiiii-il  with  I'hiiry'os 
of  low  hulk  (l*•Msity.'’  Aithouy'h  no  ox|N‘rim«‘iital 
i  \  iili  iii  f  is  olTon  il.  coiils  of  thi-  siinn*  hulk  density 
iu'f  i-oiisidiicd  to  hiivf  similar  foiiiptossihilit \ 
chiiriulfrislii-.s.''  < 'onsi-iiui-ntly.  whilo  this  fartor 
ma\  iiiirt iiill>  explain  the  course  of  pres.sure  dur- 
injr  ciirhoni/at ion.  it  does  not  iiccount  for  the  wide 
dilfeiences  w  hil  h  have  heen  observed  in  the  ex- 
piiiision  hehiiv  iors  of  ditferent  coals. 

|{.  Cuke  Shrinkai'e.  .Measurements  hy  .Anvil 
and  co-workers  of  the  shrinkavtes  of  cokes  from 
various  coals  indicated  that  all  shrank  to  piiic- 
ticall.v  the  same  extent,  iipproximately  10..')  linear 
iH'fcent.'  (ither  investigators  found  that  the 
shrinkiivre  viuied  from  ‘.i'.  for  coke  from  low- 
voliitile  coiil  to  I’J' ,  for  coke  from  hiKh-volatile 
coiil.'"  This  coke  shrinkiiy'e  thrmiy^hmit  the  ciir- 
hoiiiziition  period  iindouhtedly  tends  to  relieve  the 
vras  pressures  develojied  in  the  plastic  liiyers  and 
plastic  envelo|H‘.  However,  comparative  jras  and 
wall  pressure  meiisuremeiits.  to  Iw  discussed  later, 
show  thill  the  coke  piece  is  pushed  out  to  the  wall 
during’’  the  expansion  pris'ess,  thus  minimi/.itiy'  any 
possible  elfects  of  dilfeiences  in  coke  slirinkay'e. 

C.  Elxistence  of  l‘lastic  l.avers  iind  I'laslic  E^n- 
\ elope.  \'isuiil  ev  ideiice  of  pliistic  envelope  forma¬ 
tion  hv  iidviinciny'  plastic  layers  has  heen  provided 
hv  pliotoyM  iiphs  of  piirtlv -coked  exiK-rimeiitiil 
ihilry'es.'  '  "  Kussell  contirmed  the  presence  of 
a  plastic  envelo|«-  by  the  indirect  tnethod  of  in- 
lecliny  nitrovren  into  the  center  of  an  expiinsion- 
oveii  chiifKe."''  Kiich  injection  was  accompanied 
hv  an  increase  in  wiill  pressure.  Kuns  were  also 
made  wheie  the  top  of  the  plastic  envelope  Wiis 
kept  o|M*n  hv  il  lilver  of  coke  breeze  on  top  of  the 
coiil  ihiirjre.''  The  pre-peiik  expiinsion  curve 
for  this  lv|K-  of  charyo-  closely  duplicated  tlnit  for 
coal  alone;  the  |H'iik  expansion  pressure  which  had 
been  observed  with  coal  alone  was  elimituited  by 
the  breeze  coveriliy'  These  tests  indicilted  thiit 
the  iHiik  pressure  vviis  due  to  jrus  pressure  within 
the  plastic  envelo|>e.  (Since  no  reduction  it)  jire- 
(leiik  pressure  was  observed,  the  source  of  pre¬ 
peak  pressure  must  be  otlier  thati  iti  the  plastic 
envelo|H'.  (las  pressure  measurements,  to  be  dis- 


Fig.  6-S.  Typical  Russell  Oven  Eipansion 
Pressure  Curves'*’ 

cussed  below,  indicate  that  for  coals  with  vvell- 
detined  plastic  properties  the  pre-jK-iik  iiressure 
is  due  to  sra.s  pressure  in  the  plastic  layer  itself). 

Wideninyt  the  top  of  the  oven  Jind  reducinjr  the 
to|)  Hue  tem|HTature  iilso  eliminated  the  (n-ak  ex¬ 
piinsion  pressure  by  [K-rmittiiijr  the  easy  escajH*  of 
vrases  from  the  interior  of  the  charjze."' 

I).  (ias  I’rcs.sures  within  the  CharKe.  The  relii- 
tionship  between  average  wall  pressure  and  the 
jras  (iressures  measured  at  ditferent  distances  from 
the  wall  is  evident  from  the  course  of  the.se  pres¬ 
sures  during  the  tests  ch.irted  in  Fijr.  7-S."‘  The 
proyne.ssion  of  the  plastic  layer  jiast  the  .sampliny' 
IMiints  is  indicated  by  the  successive  increases  and 
decreiises  of  jras  jiressures  in  the  tubes.  DuriiiK  the 
pri>-peak  iH-riiKl,  the  Wiill  pressure  apiiroximated 
the  y'iis  pressure  iit  the  .sampliny'  iioint  which  co¬ 
incided  with  the  iKisition  of  the  plastic  layer.  Since 
the  yras  pressures  in  the  middle  of  the  charge  were 
low  during  this  period,  the  jrases  formed  on  the 
cold  side  of  the  plastic  layer  must  have  lH*en  leav- 
inyr  the  chary'e  at  an  area  of  low  resistance.  The 
relative  pre.ssures  indicated  that  the  pre-|H‘ak  wall 
pressures  were  due  to  jras  pressures  within  the 
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A  •  C  D  E  F 
distance  FEOM  wall,  inches.  1  S  i  2  4  t 


Fig.  7-S.  Wall  and  Gas  Pressures  in  Movable-Wall 
Test  Oven'** 


iiulisidual  plii.stic  Istyer.s,  and  not  from  jras  pres¬ 
sure  within  the  plastic  envelo|M‘.  The  e.xpansion 
pressure  of  the  plastic  liiyer  wsts  transmitted  on 
one  side  by  the  coke  to  the  oven  walls,  and  on  the 
other  side  was  neutralized  by  a  similar  force,  from 
the  opiTosite  plastic  hiyer,  transmitted  by  the  com¬ 
pressed  coal  particles. 

The  >ras  pressure  in  the  middle  of  the  charjre 
yrradually  increased  as  the  plastic  layers  a|>- 
proached  each  other  in  the  mid-plane  of  the  oven, 
and  then  rose  to  a  sharp  jH‘ak.  coincidinjt  with  the 
occurrence  of  a  |H*ak  wjill  pressure.  The  simultane¬ 
ous  occurrence  of  these  |)eaks  definitely  established 
the  source  of  the  |)e{ik  wall  pressure.  The  peak 
>;as  pressure  was  ordinarily  hiKher  than  the  jieak 
wall  i>ressure;  this  ditfen-nce  may  be  Jiccounted 
for  by  the  following:  1)  the  mid-plane  Kas  pre.s- 
sure  was  not  effective  over  the  entire  wall  area, 
because  of  coking  from  ends,  top,  and  Ijottom;  2) 
the  envelf)|H'  was  sufficiently  rifrid  to  contain  a 
jTortion  of  the  jras  pressure. 


The  relationship  Ijetween  i)t*ak  wall  pressure 
and  iH-ak  mid-plaiTe  vras  pressure  was  more  than 
qualitative.  .N’auv'le  has  expre.ssetl  the  results 
of  26  tests  in  the  Bureau  of  Mines  slot  ov»‘n  with 
fio'.  accuracy  by  the  equation 

G«$  Pressure  1.95  Wall  Pressure  —  0.83 

t'ljis  pressures  in  the  plastic  layer  aTid  plastic 
envelo|H*  iiccounted  for  the  expansion  pressures  of 
the  coals  of  most  pntctical  interest,  those  having 
sutficient  pla.sticity  to  exhibit  |K“ak  pressures. 

.A  ditferent  ty|H-  of  ex|>ansion  mu.st  be  o|H*rsitive 
for  coals  w  hich  exhibit  a  maximum  pressure  dur- 
in>r  the  early  part  of  the  carlHinization  iH-ricKl. 
These  coals  included  those  at  the  limits  T>f  the 
cokinjt  band,  oxidized  coals,  and  hijrh-inert  charKe.s. 
Low-rank  and  oxidized  coals  (Curve  IV,  Kijf.  6-S) 
jrave  initial  wall  pressures  of  the  order  of  1.5  psi 
with  little  or  no  |)eak  pressure,  while  .semi-anthra¬ 
cite'"  coals  jruve  initial  pressures  as  hi>fh  as  4  psi 
and  no  |H‘ak.  Since  fusion  in  these  coals  was  ixKir. 
it  is  probable  that  there  were  discontinuities  in 
the  plastic  biyer  or  |)lastic  envelo|)e.  For  the.s«‘ 
coals,  the  wall  pressure  must  have  l)een  due  to  jtas 
pre.ssure  within  the  individual  coal  |»articles. 

K.  Thickness  of  Blast ir  Layer.  Dirwt  measure¬ 
ments  of  this  dimension  have  been  made  in  the 
laboratory  with  varyiiiK  dejtrees  of  success,  and 
partly-coked  exin-rimental  charges'*  have  jriven 
.some  information.  However,  most  of  the  mejtsure- 
ments  have  l)een  made  by  indirect  methcMls.  NauKle 
estimated  the  thickne.ss  by  plottinjr  isotherms  of 
Davis  plasticity  limits  T>n  a  jtraph  of  tem|)eratun- 
progression  usinjr  c(K)rdinates  of  time  and  distance 
from  wall."'  Similar  estimates  were  miide  by  kus- 
.sell  from  (lieseler  pla.sticity  and  tem|H-rature  pro- 
jfression  data."'"  The  thickne.ss  of  the  plastic  hiyer 
was  defined  as  the  distiince  in  the  charge  corre- 
s|)ondinjr  ti»  the  upiH‘r  and  lower  tem|H*rature  lim¬ 
its  of  plasticity,  and  was  calculitted: 


Thickness  (in.) 


plastic  range  (  C) 

temp,  gradient  in  plastic  layer  (  C/in.) 


Blottinjf  of  the  data  for  a  typical  coal  shower! 
that  duriiiK  carl>onization  the  thickness  of  the 
vertical  plastic  layers  steadily  increasrsi  from  zero 
at  the  start  to  0.5  in.  at  the  sixth  hour;  at  6.7  hours 
the  two  layers  met  to  form  a  double  plastic  layer 
1.7  in.  wide.  Calculations  on  25  coals  showed  that 
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th*-  (loulil)'  layiT  nia\  l>«-  a.-*  much  a.s  .‘Ll>  in.  thick 
at  low  ratcH  of  iicatiiivr. 

F.  I'ath  of  from  l’la»tir  l.ajer.  The  rcla- 

ti\f  pro|)ot't loti.H  of  Kasc.s  Icaviiiy'  the  hot  and  cold 
.xides  of  the  |ila.«tic  lay**!'  and  the  itaths  taken  hy 
the.se  erases  ha\e  Iwen  ■uihject.'*  of  limited  inve.>*ti- 
^'ation  The  Ka.s  |iri->.><ure  curves  in  Fiy'.  7-S  indi- 
late  that  the  leaviny'  the  hot  side  of  the 

plastic  layer  may  pass  through  the  coke  with  a 
ney'li>rihle  pressure  drop,  hut  the  cold-side  >f«*;<es 
freipieiitly  build  up  considerable  pressure  when 
the  plastic  layers  meet.  There  are  various  theories 
concerning  the  factors  which  iidluence  the  relative 
pro|sirtions  of  hot  -  iitxi  cold-side  jfases.  Sais)zhni- 
kov  conclude<l  that  the  thickness  of  the  (ilastic 
lay*-r  was  determinative,  since  as  much  as  lO' > 
of  the  total  Kas  was  eviilved  on  the  cold  side  when 
the  plastic  raiivre  was  narrow,  and  only  10'.  when 
the  plastic  layer  was  wide.''-  Soth  and  Kus.sell 
sujftrested  that  the  relative  iirojiorlions  may  be 
estimated  from  the  resistances  on  the  hot  and  cold 
sides,  resistaiici'  beiiiK  defined  as  the  temia-rature 
interval  eiiclosintf  tluiilities  of  less  than  .70  divs. 
|M‘r  min.  (cro.s.s-hatched  area  in  Fi>r.  2-S).''‘  The 
variations  in  hot-  and  cold-side  resistances  may 
partially  account  for  the  dilTerence  between  the 
expansion  behaviors  id'  low-  and  hiKh-volatile  coals. 
AllhouRh  the  low-volatile  coals  evolve  less  total 
volatile  matter,  a  jrreater  volume  may  lie  evolved 
on  the  cold  side  than  with  hi)rh-volatile  coals. 

Smith  concluded,  from  the  sudden  enrichment 
of  the  jras  at  the  time  of  meeting  of  the  (ilastic  lay¬ 
ers,  that  the  cold-side  (tm^es  leave  the  charKe 
through  the  more  (H-rmeable  area  at  the  to|)  of 
the  chartre.-'*  He  rea.soned  that  the  hot-side 
are  severely  cracked  to  secondarv  priKlucts  durinjr 
their  loitjr  |)as.sa>re  fhroujrh  the  hot  coke  and  alonj; 
the  wall .  the  cold-siile  jrases  are  cracked  to  a  lesser 
extent,  since  the  time  of  contact  with  hot  coke 
is  short  during  their  (las.sa^e  throuKh  the  shal¬ 
low  layer  at  the  top.  At  the  time  of  meeting  of  the 
(ilastic  layers,  the  rate  of  evolution  of  the  cold-side 
Vtases  ratiidly  increases,  leading  to  an  a(i()arent 
enrichment  of  the  total  (ras.  Another  factor  con¬ 
tributing  to  enrichment  may  be  the  linal  (lyrolysis 
of  oils  and  tars  conden.sed  from  the  cold-side  (rases 
in  (lassinjr  throu(rh  the  unheated  coal. 

Other  evidence  concerning  the  (with  of  the  cold- 
side  i**  (irovided  by  tests  where  these  jrases 

were  conlinevi  within  the  char(re.  the  only  avenue 


of  esca(>«-  lieinjr  toward  the  heatinjr  wall  thnnnrh 
the  vertical  (ilastic  layers.-'  Hijrh  pressure.s 
were  (feneratefi,  even  with  coals  which  were  non- 
ex(iandinK  under  normal  coking  conditions.  The.se 
ex(s-riments  indicate  that  the  internal  (rases  nor¬ 
mally  esca(H‘  from  an  area  of  lower  resistance  than 
the  vertical  (ilastic  layers. 

(t.  Thwirv  of  .Mechanism  of  Development  of 
Kxpansion  1'res.sure.  As  cokin(r  coal  (Hi.s.ses  throu(rh 
the  ran(re  of  carbonization  tem(H-rature.  the  occur¬ 
rence  of  the  simultaneous  (irocesses  of  ra(iid  vola¬ 
tilization  and  .softening  of  the  coal  substance 
causes  swellin(r  of  the  (larticles.  The  force  caus¬ 
ing  swelliiKT  is  the  (iressure  of  the  internal  (rases, 
which  are  (lartially  constrained  by  the  ca(iillary 
structure  of  the  coal. 

For  coals  formin(r  continuous  (ilastic  layers,  the 
restraints  im(sised  by  walls,  IliHir,  and  the  vvei(cht 
of  the  .su(H-rincumbent  coal  (H*rmit  this  internal 
(iressure  to  deform  the  softened  (larticles  into  a 
(ilastic  layer,  which  entra(is  bubbles  of  (ras.  The 
(iressures  within  these  bubbles  must  rise  to  a  value 
hi(rh  enou(rh  to  enable  the  (iassa(re  of  the  (ras  from 
the  (ilastic  layer,  resulting'  in  a  (ire-(ieak  (iressure 
u(Min  the  oven  wall.  F'or  low-volatile  coals  (Fi(r. 
6-S.  curve  II),  the  (ras  (ire.ssures  within  the  (ilastic 
layers  increase  as  the  layers  (iro(rress  towjml  the 
middle  of  the  oven,  (Missibly  due  to  the  thickenin(r 
of  the  layers.  At  the  time  of  meetin(r  of  the  layers, 
the  rate  of  tem(H*rature  ri.se  increases  shar(ily, 
with  a  consequent  increa.se  in  the  rate  of  (ras  evo¬ 
lution.  Since  the  area  of  esca(ie  for  the  (rases 
within  the  (ilastic  envehqw-  is  now  (rreatly  re¬ 
stricted.  the.se  factors  cause  a  ra(iid  increa.se  in 
the  mid-(ilane  (ras  (ire.ssure,  with  an  accom(ianyin(r 
increa.se  in  wall  (iressure. 

The  hi(rher-rankin(r  hi(rh-v  olatile  coals  (Fi(r.  t>-S. 
curve  I)  (inxluce  hi(rhly  Huid  (ilastic  layers  which 
at  no  time  offer  any  substantial  resistance  to  the 
flow  of  (ras.  Tv  (iical  blends  of  low-  and  hi(rh-v(ila- 
tile  coals  (Fi(r.  6-S,  curve  III)  (iriKluce  (ilastic  lay¬ 
ers  in  which  a  (iressure  of  about  1  (isi  is  develo(H*d 
iluriiKT  the  (ire-(ieak  (leriinl.  The  (iressure  rises 
to  about  2  (isi  oidy  under  the  exa(r(rerated  condi¬ 
tions  (hi(rh  rate  of  (ras  evolution  due  to  dryin(r 
and  (ireheatin(r  the  axiail  coal  mass  durin(r  the 
earlier  carlKinization  (leriini  and  to  the  aiccelerated 
tem(ierature  rise  from  the  effect  of  heatin(r  from 
two  sides)  (ire.sent  Jit  the  time  of  meetin(r  of  the 
(ilastic  hiyers. 
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Thf  coals  which  form  noii-contiiiuoiis  plastic 
layers  (coals  at  the  limits  of  the  cokirijr  hand,  ox¬ 
idized  jyid  hiKh-inert  charRes,  and  their  mixtures) 
develoj*  maximum  pressure  during  the  early  part 
of  the  cokiny'  |>eri<Kl.  and  little  or  no  jx-ak  ))ressure 
(Fi>r.  6-S,  curve  IV).  Since  the.se  coals  are  charac¬ 
terized  hy  low  tluidity,  jMtor  swellinjf  ability,  and 
IHM)r  fusi(»n,  it  is  not  probable  that  carbonization 
juessure  results  from  jras  )iressures  within  either 
the  jilastic  layer  or  plastic  ejiveloix*.  The  comimra- 
tively  ojH-n  physical  .structure  of  the.se  coals  |K-r- 
mits  only  slight  swelling.  The  usual  result  is  low 
wall  pressures,  wh<t.se  source  is  jras  pressure  within 
the  coal  particles  themselves. 

IV.  Present  Practice  in  Expansion 
Testing 

For  expatision  testitiK  i)urjM).ses,  two  ty|)es  of 
measurement  are  made.  At  most  test  installations 
in  this  country,  expansion  ))ressure  is  measured 
in  a  two-wall-heated  o\en.  usually  of  the  Kus.sell 
ty|»e,  with  one  wall  movable.  A  smaller  number  of 
.sole-heated  ovens  of  the  Hrown  tyjx'  are  u.sed  to 
determine  volume  exi)ansion  and  shrinkaKe.  In  a 
few  i)lants,  lM>th  ty|)es  of  testers  are  u.sed.  Lab¬ 
oratory  testers  and  mechanical  devices  for  expan¬ 
sion  measurements  within  full-scale  ovens  are  not 
generally  u.sed  in  this  country,  since  it  has  been 
found  that  they  provide  either  incom|)lete  or  un¬ 
reliable  information.  A  compari.son  of  the  pro¬ 
cedures  used  at  various  plants  for  controlling  ex¬ 
pansion  indicated  a  variety  of  testing  methiKls, 
and  no  consistent  interj)retatioti  of  results.  Analy¬ 
st's  of  the  |)ractices  at  these  individual  plants  re¬ 
vealed  wide  variations  in  bulk  densities  and  rates 
of  carlsmization,  which  could  account  for  the  dif- 
fert'nt  exiiansion  criteria  used. 

V.  Influence  of  Variable  Carbonizing 
Conditions  upon  Expansion 

The  effect  of  various  factors  uiK)n  exitansion 
was  ascertained  from  a  study  of  published  data 
obtained  j)rinci|)ally  with  the  two  main  types  of 
expansion  testiiiK  equipment  mentioned  alnwe. 

A.  Hulk  Density.  The  relationshi))  Itetween  dry 
coal  bulk  density  and  loK  of  maximum  expansion 
|)ressure  may  be  ap)>roximated  b.v  a  strai)rht  line 
of  sloi>e  0.10  (Fi^r.  8-S).  The  effect  of  bulk  density 


Fig.  8-S.  Effect  of  Bulk  Density  on  Expansion 
Pressure  in  Russell  Oven 

uixui  volume  expansion  may  be  accurately  repre¬ 
sented  by  the  followiiiK  equation:'*’ 


Ex 


^  (  100  ^  E,  ) 


100 


Eg  volume  expansion  at  W  ^  bulk  density,  “o 

Ef  volume  expansion  at  Wf  bulk  density,  S 

W,,  =  standard  bulk  density,  pcf 


Wf  test  bulk  density,  pcf 


Since  bulk  density  exerts  such  a  significant  in¬ 
fluence  uiKUi  exjtansion  behavior,  cottsideration 
should  Ih-  Kiven  to  some  of  the  factors  which  influ¬ 
ence  bulk  densitj’.  Size  distribution  was  foutid  to 
l)e  the  dominant  factor  (roverniiiK  the  bulk  density 
of  air-dried  coal  in  the  ordinary  ran^e  of  sizes 
charjred  to  ovens,  the  hiRhest  bulk  densities  beitijr 
obtained  with  the  widest  distribution  of  sizes. 
The  particle  size  was  found  to  jfovern  the  minimum 
bulk  densities  of  coals  to  which  water  had  been 
added  (Fij?.  !)-S).  This  Irehavior  su)?);ested  that 
the  surface  area  was  the  siKnificant  factor  for  wet 
coals,  ('alculation  of  the  relative  surface  areas 
showed  that  the  minimum  bulk  densities  were 
reached  at  a  moisture  content  of  approximately 
0.i:{'«  moisture  (ler  unit  surface  factor.  The  ad¬ 
dition  of  small  amounts  of  oil  has  been  found  to  lie 
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Fiq.  9  S.  EHect  of  Particle  Siie  on  Minimum  Bulk 
Deniity  of  Wet  Coal*’ 


(liH-  to  moistiiio  Min  t iiat  ions. “  ' Of  iiiiiiuTotis 
olhor  fai  tors  alToi  I  Inilk  liiMisit.v,  attention 

sfioulil  lie  called  to  the  larjTe  increases  in  hulk  den¬ 
sity  caused  hv  freeziny'  of  the  surface  moist  lire 
on  the  coal  particles. 

'I'he  hulk  densities  thronuliout  an  oven  are  not 
uniform,  hecanse  of  the  elTects  of  droppinjr  the 
chaise  and  levelling'."  The  rcKions  of  maximum 
Indk  densit.v  corres|tond  with  the  regions  of  iidtial 
wall  failure. 

|{.  I’arlicle  Size.  The  main  effect  of  particle 
size  is  n|Htn  Indk  lieiisit  v  ;  at  constant  hulk  density, 
liner  puKerization  may  lead  to  sliy'ht  increases 
m  expansion  pressure.'-  The  volume  expansions 
(dry,  solid  loall  of  ;!!  coals  were  increas**d  an 
average  <d  'J' ,  for  each  !<•' ,  increase  in  the  per- 
centay'e  of  minus  l-mesh  coal.''' 

('.  Kale  of  Ileatinu.  In  yn-neral,  faster  rates  of 
heatinyr  increased  expansion  pressure  and  volume 
expansion,  with  .some  indication  of  the  pressure 
reachinvr  a  maximum  at  due  tem|wratures  of  about 
■J.Ktn  K  I’rom  a  theoretical  standi>oint.  faster 
rates  of  heatiny'  should  increase  the  rate  of  ^ras 
evolution,  which  would  tend  to  increa.si-  the  ex¬ 
pansion  pressure;  at  the  same  time,  the  thick¬ 
ness  of  the' plastic  la.v  er  would  he  decreased,  and 
the  tluiditv  increased,  hoth  of  which  would  tend  to 
decrease  the  expansion  pressure. 

I).  Oven  ^^idlh.  The  expansion  pressures  of 
the  mon*  hiyldv -expandinjr  coals  decreased  as 
th»“  oven  wiilth  was  increased  from  tJ  up  to  1(1  or 
elfective  in  reducing;  the  hulk  deiisitv  variations 


12  inches.  For  widths  frreater  than  12  inches,  no 
consistent  effect  of  oven  width  uimui  the  exiiansion 
pressures  of  different  coals  could  he  noted.  The 
explanation  for  this  non-consisteiit  effect  is  proha- 
hly  to  he  founil  in  the  relationship  between  rate 
of  heafinvr.  di.scussed  above,  and  oven  width  (the 
cokin^r  time  has  been  found  to  vary  approximately 
with  the  1.8  [Miwer  of  the  oven  width"’-).  M  the 
time  of  meet iiiK  of  the  plastic  layers,  the  increased 
resistance  to  heat  flow  through  the  longer  coke 
piires  in  wider  ovens  would  undoubtedly  decrease 
the  effective  rate  of  heat  transfer  to  the  middle 
of  the  charjfe.  From  the  remarks  made  in  Kate 
of  Healing,  this  lowered  rate  of  heating  may  either 
decrease  or  increase  the  pressure,  dependiiifr  on 
the  relative  influences  of  the  other  factors. 

E;.  HeatiiiK  Conditions.  Comparative  exiiansion 
pressure  tests'"'  "  -  with  one  wall  and  twoopinisite 
walls  heated  show  that  the  two  methods  of  heat¬ 
ing'  y'ave  substantially  identical  expansion  pn‘s- 
sures  durin^r  the  pre-peak  periiHl;  one-wall  heatiiiff 
failed  to  >rive  th»‘  pressure  |H“ak  observed  with 
two-wall  heatinjr.  since  the  conditions  necessary 
for  the  development  of  peak  pre.ssure  are  not  pres¬ 
ent  when  heatinvt  is  from  one  wall  onl.v. 

.Almost  all  comparative  data  for  the  two  methiKls 
of  heat  illy'  are  in  the  form  of  expansion  pressure 
at  constant  volume  in  two-wall  heated  ovens,  and 
volume  expansion  or  contraction  at  constant  pres¬ 
sure  (2.2  psi)  in  .sole-heat»“d  ovens.  .Attempts  to 
correlate  the  results  of  these  two  methods  of  test 
over  the  complete  ran^re  of  cokinjt  coals  have 
proved  disapiMiintiny'.  Hovvev»r.  for  the  coals 
showiny'  both  expansion  pri'ssures  in  the  hiydier 
raiiyres  and  |Misitive  volume  expansions,  there  ap¬ 
pears  to  be  a  iMissibilify  of  relationship.  This 
would  imply  a  relationship  between  exjiansion 
(iressure  and  volume  exiiansion  for  one-wall  heat¬ 
ing.  and  a  relationship  between  pre-in-ak  and  peak 
expansion  pressures  for  two-wall  heatiiiK. 

F.  Kelative  Size  and  Shape  of  Testing  Eaiuip- 
nient.  .Measurements  of  expansion  pressures  in  a 
small-.scale  (17  lb.  charyre)  two-wall  heated  coke 
oven  have  iriveii  higher  results  than  tho.se  obtained 
with  lary'er-scale  apparatus,  but  siiflicient  repro¬ 
ducibility  could  not  be  obtaiiu'd  for  correlation  of 
the  results."*  The  reasons  y'iven  for  lack  of  re¬ 
producibility  were  ruptun*  of  the  plastic  enveloiH* 
at  varyiny'  pressures  duriiijr  free-top  tests,  and 
variable  ciMilimr  during  confined,  cisiled-top  tests. 
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VI.  Influence  of  Coal  Properties  upon 
Expansion 

A.  Chemical  Composition. 

I.  Indications  of  Kank.  The  follow  in>r  iiuiica- 
tioiis  of  rank  have  U'en  us»*<l  hy  various  investiga¬ 
tors  for  correlation  of  exjiansion  behavior: 
Volatile  Matter,  daf  \s.  Volume  Kxpansion" 

VolatiU-  .Mattt’r.  daf  /  ■  i,  i., 

...  ...  ,vs.  F.xpansion  Pressure"' 

(  arbon.  daf  I 

Volatile  .Matter. dmnif  1  ,,  • 

,  ,,  .  vs.  Kxiiansion  Pressure"' 

plus  .Moisture  I 


The  tiresent  study  of  Hun-au  of  Mines  data  on 
expansion  pri  ssure  and  volume  expansion  showed 
that  th»“  correlations  with  volatile  matter  could 
be  improved  if  the  volatile  matter  values  were 
correct eil  for  CO.,  and  the  expansions  were  cor¬ 
rected  to  a  standard  bulk  density  at  uniform  min¬ 
eral  matter.  The  latter  term  ajiiiroximates  a 
standaril  volume  of  solids  ]H*r  unit  volume  of 
charjre.  rather  than  a  standard  bulk  density,  thus 
correcting  for  the  effect  of  mineral  matter  in»on 
bulk  density.  The  volume  expansion  data  ( Fijr. 
11-S)  indicate  that  a  maximum  is  reached  at  17' , 
volatile  matter  content,  w  ith  a  lesser  |H‘ak  at  27' , . 
Because  of  the  almost  vertical  ri.se  of  the  curves, 
the  relationship  is  not  u.seful  below  18',  volatile 


Fiq.  lO-S.  Expansion  Pressures  of  Unblended 
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matter.  .Alawe  ill' ,  volatile  matter,  the  correla¬ 
tion  was  |Msir. 

2.  .\sh  «>r  .Mineral  Matter  ('ontent.  .Although 
some  test  ilata  have  indicated  that  exi)ansion  is 
sijrniticantly  atfvTted  by  mineral  matter  con¬ 
tent.'-  it  is  probable  that  the  major  ctfect  of 
mineral  matter  is  msin  bulk  density,  with  only  a 
sliy'ht  indeiMUulent  intluence  u|)on  eX|)ansion  The 
lower  part  of  Fij.'.  1 1-S  shows  the  almost  nejrlijrihle 
etfect  of  mineral  matter  in  reducing  expansion, 
when  results  were  corrected  to  a  staialard  bulk 
density  at  uniform  mineral  matter. 

The  rather  lar)re  corrections  for  mineral  matter 
found  neces.sary  when  correlatinjr  with  tluiditv 
(Fij,'.  12-S)  were  probably  due  mostly  to  the  elfv'ct 
of  mineral  matter  ui>on  Huidity. 

.{.  Decree  of  Oxidation.  The  limited  data  avail¬ 
able  indicate  that  expansion  pressures  were  re¬ 
duced  by  the  use  of  oxidized  charsres  or  the  addi¬ 
tion  of  oxidizt'd  coals  to  an  otherw  ise  normal  blend. 

The  volume  expansions  of  nearly  all  expandinjr 
coals  were  decreased  by  oxitlat  ion.' '  although  one 
coal  showed  an  increase  with  nuxlerate  oxida- 
tioti.'-»  The  contraction  of  a  contracting  coal  was 
decrea.sevl  by  oxidation."’ 

These  effects  of  oxidation  u|»on  ex|winsion  may 
1h-  reconciled  by  consideration  of  the  effects  of 
oxygen  u|M»n  the  coal.  The  «lecreased  fluidity'"’ 
accompany in>r  oxidation  may  In*  explained  uisui 
the  basis  of  alteration  <»f  the  chemical  structure 
by  removal  of  hydrojren  ajid  addition  of  oxvKen: 
if  the  plastic  layer  is  continuous,  the  tlecreased 
fluidity  would  tend  to  increa.se  expansion.  The 
well-known  effv'ct  of  oxidation  in  the  reiluction  of 
swellin^r,  as  measured  by  the  svvellinjf  index  and  a 
volatile  matter  button,  should  also  be  considered. 
R*‘cent  evidence  indicates  that  this  decrease  in 
swellinjr  is  due  to  the  o|H•nin^r  of  the  ca]>illary 
structure  by  oxidation.'"  Decrejised  swelling  would 
of  cour.se  lead  to  increased  |H-rmeability  of  the 
plastic  envelo|H*  and  consequently  to  a  lower  ex¬ 
pansion  pressure. 

B,  Physical  Tests 

1.  Fluidity.  The  relationship  Indweeti  (iieseler 
maximum  fluidity  and  expansion  pressure  has  la-en 
shown  in  Fijr.  1-S. 

A  comparable  plot  of  fluidity  and  volume  expan¬ 
sion,  as  measured  in  the  Bureau  of  Mines  sole- 
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Fiq.  Il-S.  Volume  Eipantlon  as  a  Multiple  Func¬ 
tion  of  Volatile  Matter  and  Mineral  Matter 


Nof«>  •ipAniioni  b«*n  c«lcui«t«d  to  •■ponilon  «t 

«  %t«nd«rd  dry  bulk  d«r>»ity  of  S4  pcf  «t  mir>«r«t  mjttor 

Eip«ntioni  in  tho  uppor  qrnph  w«r«  corf«ct«d  to  minorol 
m«tt«r  by  th»  «v»r4tq«  line  shown  in  lowor  9r«ph.  Dnta  from 
T«bU  IM  pp  4i  44 

licitli-d  iivfii.  is  slxAMi  ill  Ki^T.  lli-.S,  It  has  Imh-m 
iiK'iitioiifd  that  the  larvn'  itirnrtioii  for  niiiifial 
matter  is  prohatily  duf  to  tin-  ctTcct  <d’  mineral 
matter  ii|«im  tluidits.  I'his  would  indicate  that 
the  sivrniticant  factor  is  the  Ihddity  of  thi’coal  siih- 
stance  it>elf  lather  than  of  the  mixture  cd'  coal 
and  mineral  matter.  No  relationship  hetweeii 
Ihiiditi  and  volume  expansion  was  apiiareiit  for 
coals  Ilf  mole  than  dr  ,  volatile  matter.  'I’he  simi¬ 
larity  id'  this  volume  expansion  curve  to  that 
shown  for  expansion  pressure  (Kisr-  Id-S)  is  a 
><tronK  indication  that  a  relationship  exists  he- 
twet'ii  these  two  properties  ill  the  raiiKe  of  per¬ 
haps  II  to  ,  volatile  matter. 

2.  Other  I’lasticitv  ami  Swellinii  Tests.  .Anion|T 
other  plasticitv  and  swelling  tests,  the  free  swell- 
imr  index.  aKyhitinatinv'  index,  ■  and  lahoratorv 
swelling  tests'"'  should  !)«•  mentioned.  .Vlthoujrh 
It  has  not  heeii  |Hissihle  to  applv  these  tests  di- 
rectlv  to  coal  exiiansion,  .some  of  them  have  hemi 
found  useful  in  studies  of  low -rank  coals""*  and 
in  the  detection  of  oxidii'.ed  coals.''"  -""’ 

.'{.  DilTerences  in  I'ltra-E'ine  Structure.  .Avail- 


I  *  t  •  H)  It  14  i« 

MINERAL  MATTER.X 


Fig.  12-S.  Volume  Expansion  as  a  Multiple  Function 
of  Fluidity  and  Mineral  Matter 

Not«-  •ipantioHi  h^ve  b««n  c«lcul«t«d  to  •iponslon  «t 

«  ttandord  dry  bulk  density  of  S4  pcf  «t  8*4  minerel  matter, 
^ipaniioni  in  the  upper  qraph  were  corrected  to  8%  mineral 
matter  by  the  average  line  shown  in  lower  graph  Data  from 
Table  III,  pp.  43  44, 

able  data  on  the  etTect  id'  dit!'»‘rences  in  ultra-tine 
structure  uimui  the  expansion  behavior  of  coals  are 
limitetl  to  what  may  be  inferred  from  tidal  and  air- 
dry  moisture  contents,  l-'roni  the  data  driven  in 
SwellinjT  \s.  Internal  Structure,  (i.  21.  these  meas¬ 
ures  furnish  some  indication  id'  relative  (Kirosities 
and  surface  areas. 

The  relationship  of  air-dry  moisture  to  expan¬ 
sion  behavior  was  determined  from  Hurean  of 
.Mines  data  on  volume  expansion.  The  air-dry 
moisture  was  found  to  be  of  little  sivrniticance  for 
the  exiiandinjr  coals,  since  all  coals  which  expanded 
more  than  1',  contained  substantially  the  same 
amount  of  air-dry  moisture,  (t  f).")  ((.2r>' , .  For 

the  coals  of  more  than  .‘51' ,  volatile  matter  (mostly 
contractiiiKl.  the  air-dry  moisture  was  found  to 
be  sijrniticant  in  multiple  correlation  with  volatile 
matter  (Ki>r.  Ii5-S).  Volume  expansions  in  this 
ranjre  of  volatile  matter  could  not  be  successfully 
correlated  with  volatile  matter  or  tluidity.  alone 
or  in  combination. 

Comparable  exiiansion  pressure  data  for  un- 
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Fig.  13-S.  .  Volume  Expansion  as  a  Multiple  Function 
of  Volatile  Matter  and  Air-Dry  Moisture 

Not*;  Test  eipensioni  K*v«  been  ceiculeted  to  eipension  et 
4  standard  dry  bulk  density  of  $4  pel  at  8%  mineral  matter. 
Eipansions  in  the  upper  qraph  were  corrected  to  8%  mineral 
matter  by  the  avera9e  line  shown  in  lower  graph.  Data  from 
Table  III.  pp.  4)-44 

l)U‘n(h-d  coals  arc  not  availabU*.  but  in  the  .section 
on  the  expansion  of  coal  blends  (Coal  .Mixtures, 
p.  .SI)  it  will  be  shown  that  the  air-dry  moi.sture 
of  the  hi^h-volatile  coal  was  the  most  significant 
variable  which  could  be  identified. 

t.  Petrographic  Comp<tsition.  Hand-picked  bright 
fractions  showed  Kfeater  expansion  pressures  and 
volume  expansions  in  lalsiratory  expansion  tests 
than  the  corresiHindinjr  dull  fractions.'-*'  There 
is  some  evidence  that  the  differences  in  the  ex¬ 
pansion  behavior  of  the  iH*tro>rraphic  constituents 
may  be  explained  on  the  basis  of  differences  in 
internal  .structure,  since  vitrain  apjiarently  has 
smaller  capillaries  than  durain  or  fu.sain.'"  While 
the  effect  of  iHdrojrraphic  comiiosition  is  evident 
in  picked  fractions,  with  full-seam  samples  of 
American  coals  it  was  not  found  isissible  to  cor¬ 
relate  exjiansion  behavior  with  |H*troKraphic  com- 
IMisition.  probably  becau.se  of  the  narrow  ranjre 
of  com|Kisition  of  these  samples. 

The  addition  of  inerts,  such  as  anthracite  tines, 
low  tem|H‘rature  coke  and  coke  breeze,  decreased 


Fig.  14-S.  Expansion  Pressures  of  Coal  Blends  vs. 

Air-Dry  Moistures  of  the  High  Volatile  Coal 

Note  Test  pretiuret  heve  been  converted  to  preiiuret  et 
4  stenderd  dry  bulk  dentity  of  49  pcf  et  8%  mineral  nietfer 
(tee  Fig.  31,  p.  4b  )  Dete  from  Table  X.  p  S4. 

expansion  pressures."’'  The.se  materials  probably 
increase  the  iiermeability  of  the  pla.stic  layers. 

Coal  Mixtures.  The  volume  expansion  of 
blends  of  hitrh-  and  low-volatile  coals  may  be  cal- 
culatE’d  within  an  averavre  error  of  1.7' ,  from  the 
followinjf  equations: 

20%  Low-Volatile  Blend:  E|  0.728  Ehv  + 

30%  Low-Volatile  Blend:  E.  0.576  Ehv  +  7.1 
E  =  expansion  at  wet  bulk  density  of  55.5  pcf,  % 

B  and  HV  refer  to  blend  and  high-volatile,  respectively. 

The  volume  expansion  of  a  blend  in  this  ranjre 
of  com|K)sition  is  therefore  primarily  a  function 
of  the  expansion  of  the  hijrh-volatile  coal.  (It  has 
been  shown  that  the  expansion  of  a  hijfh-volatile 
coal  is  relati’d  to  the  volatile  matter  and  air-dry 
moi.sture.) 

The  expansion  |)ressures  of  blends  of  hi)fh-  and 
low  volatile  coals  deviate  widely  from  the  weighted 
average  of  the  pressures  of  the  constituent  coals. 
While  the  data  on  blends  are  far  fron>  complete, 
it  was  found  that  the  expansion  pressures  of  l.'i 
blends,  containing  from  17.5  tr»  HO'',,  low-volatile 
coal,  were  more  clo.sely  n’lated  to  the  air-dry 
moi.sture  of  the  hijfh-volatile  coal  than  to  any  other 
factor  (Fijr.  14-S). 

Althoujrh  Rus.sell"’'  has  shown  that  the  exiran- 
sion  pressures  of  some  binary  blends  varie<l  in¬ 
versely  with  the  blend  fluidities,  other  investitfa- 
tors'-  ftuind  that  expansion  may  be  (b>crea.sed  by 
substitution  of  coals  of  either  hijrh  or  low  fluidity 
for  one  of  mcslerate  fluidity. 
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APPENDIX 


I.  Damage  To  Oven  Walls 

I'ok**  walls  art-  ■.(il(.i«‘rt  to  >cv*-rf  stTvite 

loiiilitiod.s  ill  that  fh<  \  iiiiist  n-sist  load,  alirasion. 

I  Ilf  chf  rniral  action  ot'  kJ‘><‘s,  and  tln-rnial  sh<K'k. 

'I  III-  ifcotfiii/fd  causes  of  pi-finattirf  failure  of 
coke  oven  walls  iiii  hide  "* 

Ihstoftion  and  destruction  liv  the  expansion 
pressure  of  th<'  charjfe. 

I>isrupti\e  forces  exerted  liv  the  pusher  when 
there  has  Keen  insullicient  linal  contraction  of 
the  i  harv'e.  'I'he  pressure  transmitted  to  the  oven 
walls  when  attemiitinv'  to  push  a  sticker  has 
Imsmi  calculated  t rotn  the  ohserved  amperajfe 
to  Is-  as  hi);h  as  li  psi.' 

Ahrasion  and  thermal  shink  encounterisl  when 
excessivel>  Wet  i’oal  is  dropped  into  the  oven 
chamlier. 

'I'oo  rapid  heatiiiK  or  loohnjr  sihedules,  partic¬ 
ularly  in  the  case  of  used  hrick. 

Sla>r  attack  din'  to  the  comlunation  id'  hijfh  tem- 
(•eratures  and  fusible  coal  ash,  such  attai  k  la-inj; 
espct  ially  serious  with  dry  coals, 

I'lxcessive  loolillK  of  o\en  eiiils  when  doors  are 
otl  tor  lolly'  periods. 

This  report  is  concerned  with  the  iireveiition  of 
damay'e  due  to  co.i!  expansion,  includinyr  Isith  the 
expansion  pressure  and  volume  expansion  of  the 
charge.  The  t>  |>e  of  w  all  ilamayre  w  hich  is  ascrilM-d 
to  the  use  (d  expanding  coals  has  la-eii  most  coni- 
(iletely  described  b\  Kerr  and  'I'aylor.'*  It  is  char- 
acteii/ed  b>  spalliiiy',  usually  one-ipiarter  to  two 
inches  deep,  at  the  face  id'  the  bonder  (header) 
brick  and  the  adjacent  edy'esof  the  stretchers.  The 
spalhny'  occurs  initially  across  the  yvalls  in  the 
loyyer  cour.ses,  then  extends  up  the  yyalls,  particu¬ 
larly  near  the  ends.  The  fracturinyr  of  the  bricks 
then  prtH'eeds  ai  loss  the  yyall  in  a  band  slightly 
lieloyy  the  top  of  the  charge.  (  Krom  this  descrip¬ 
tion  It  may  lie  .seiui  that  the  damay'e  originates  in 
the  rey'ioiis  of  highest  bulk  density  ,  and  also  in  the 
areas  yyhich  bear  the  maximum  transmitted  pres¬ 
sures  of  the  pusher  ram.)  liis|M-ction  of  several 
batteries  showed  that  the  dama>r«‘  does  not  iK’cur 
oil  the  end-oven  outer  yvall,  yvhich  is  backed  up 
by  the  pinion  yyall.  but  usually  starts  on  the  op- 
posit*-  yyall  and  yrraduall.y  extends  across  the  bat¬ 
tery.  If  the  damayre  is  noted  before  the  yyalls  are 
seriously  boyyed.  patchiiiyr  may  sometimes  be  suc¬ 
cessfully  applied.  Hoyyyver.  if  serious  damaye  lias 


•  K'curred,  the  yvalls  must  be  torn  doyvii  and  rebuilt. 

KopiHTs  Company  is  tpioted  as  statiny  that  the 
fust  noticeable  etTect  of  damaye  by  expandiny 
coals  is  spalliny  of  the  liner  brick  at  the  coal  line 
about  tyvo  tlues  in  from  each  end  of  the  oven.'-  The 
spalliny  spreads  in  a  doyvn  the  walls  toward 
the  center  of  the  oveii  alHiut  tyvo  courses  alnive 
the  oven  floor.  If  this  spalliny  is  allowed  to  con¬ 
tinue,  the  ends  of  the  bottle  brick  break  ofT  and 
the  yyall  laHomes  distorted.  The  yyall  may  develop 
holes  and  fail  completely. 

The  exjiansion  pressures  yyhich  may  In*  exerted 
are  obviously  of  yreat  maynitude,  althouyh  they 
have  never  been  precisely  measured.  Some  idea  of 
the  fold's  yvhich  may  lie  yeiierated  can  la-  yained 
from  a  test  reported  by  Marritt,"'  in  yvhich  an  eiid- 
oviui  yvas  used  for  e.x|H-rimental  purposes.  The  ad¬ 
jacent  oven  yvas  tilled  yvith  firebrick  in  courses, 
yiviiiy  a  total  masonry  thickness  of  tid'o  in.  A  It) 
ft.  charye  of  exjiaiidiny  coal  in  the  end-oven  dis¬ 
placed  the  twd  oven  yvalls  and  firebrick  filler  a 
distance  of  1*)  in.  Obviously,  forces  of  this  may- 
iiitude  cannot  lie  contained  by  a  structure  of  any 
reasonable  dimensions. 

.■Mthouyh  the  absolute  streiiyth  of  coke  oven 
yvalls  under  actual  conditions  of  operation  is  not 
knoyvii,  the  experiments  of  Koiiihts  and  .leiikner 
may  be  cited.'"  They  found  that  initial  cracks  yvere 
formed  in  a  model  yvall  at  l.:5  psi.  .At  hiyher  pres¬ 
sures,  the  rate  of  deformation  increased  rajiidly. 
It  is  of  interest  to  note  that  the  pressure  at  initial 
crackiny  is  approximately  e«jual  to  the  criterion 
for  daiiyerous  coals  arrived  at  by  analysis  of  test- 
oven  expansion  data  (ApiKuidix  IN  .  C,  p.  :•:?) 

II.  Mechanism  of  Carbonization 

In  an  elTort  to  explain  the  process  of  carboniza¬ 
tion,  many  references  have  Imsui  made  to  the  ex¬ 
istence  of  a  chemical  cokiiiy  constituent  or  cokiny 
|irinciiiU“  in  coals.  .Accordiny  to  Fisher,  coal  is  com¬ 
posed  of  oil-bitumen,  responsible  for  cokiny  ability, 
and  solid  bitumen,  responsible  for  expandiny  abili¬ 
ty.'-'  The  solvation  theory  of  .Ayde  and  llulK'rtus 
attributes  swelliny  to  the  absoriition  of  liberated 
bitumen  by  the  solid  residue.’*'  In  Wheeler’s  "ra¬ 
tional  analysis”  of  coal,  the  cokiny  constituent  was 
identified  yvith  a  particular  coal  fraction  isolated 
by  fractional  extraction.-'"  Kemixiny  of  the  extract 
yvith  the  residue  has  led  to  conllictiny  conclusions 
as  to  the  cokiny  projH'rties  of  the  reconstituted 
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coal.  While  these  and  similar  theories  explain  cer¬ 
tain  asjHHts  of  carbonization,  none  has  won  kcii- 
eral  acceptance. 

Considerable  success  has  lavn  achieveil  in  de- 
scribinjr  carbonization  as  a  (thysical  pnaess.  Mott 
has  demonstrated  that  the  cokinjf  coals  are  charac¬ 
terized  by  swelliiiK  of  individual  particles,  and 
that  a  certain  deKree  of  swellinK  i!<  necessary  to  till 
the  voids  in  a  particulate  charge.'-*  '-''  Macura, 
from  motion  pictures  of  laboratory  cokinjr,  con- 
cludetl  that  the  pnaess  consisted  essentially  of 
fusion  or  sintering  of  the  swolbm  particles,  and 
that  a  homojfeiUHdis  melt  was  not  formed  at  ordi¬ 
nary  rates  of  heatin)^.'“  Complete  fusitm  of  the 
coal  ap|H‘ars  to  In*  ruled  out  also  by  recent  re.search 
showing'  that  the  physical  .structures  of  chars  pro¬ 
duced  at  different  temiH-ratures  were  determined 
by  the  physical  structures  of  the  coals  used."’- 

SoftetiiiiK  nf  the  coal  substance  is  implied  by 
the  swellinjr  and  fusion  «)f  coal  particles  when 
heated,  even  if  direct  evidence  for  softeninjf  did 
not  exist.  However,  tluidity  measurements  have 
shown  that  the  cokinjt  coals  .soften  when  heated  to 
carlMuiization  temiK-rature.'” 

The  pnnes.ses  of  swelling  and  softeninjr  are  ac¬ 
companied  by  devolatilization.  Another  factor  to 
be  considered  is  that  pressure  is  necessary  for  the 
formation  of  a  well-fu.sed  coke."'"  In  the  ordinary 
coking  process,  the  pressure  results  from  the 
weight  of  the  superincumlH’Ht  coal  and  the  pres¬ 
sure  of  the  entrapiKsl  in  the  coal  |)article.s, 
jilastic  layer  and  plastic  envelojM’.  This  i>res.sure 
nu^st  Ik‘  sullicient  for  deformation  of  the  .softened, 
swollen  particles  into  a  coherent  mass,  but  must 
Ih-  restricted  to  avoid  damage  to  oven  walls. 

The  jirocess  of  carbonization  of  particulate  coal 
may  therefore  be  de.scriln’d  from  the  physical 
standpoint  as  (tne  in  which  the  intlueiice  of  heat 
causes  the  particles  to  .soften,  swell,  and  devolatil¬ 
ize,  sullicient  pressure  Ihmiik  present  to  compre.ss 
the  swollen  particles  into  a  coherent  mass.  These 
proces.ses  will  la*  de.scrila-d  separately  in  the  fol- 
lowintr  sections,  althoujfh  it  is  recoKnized  that  they 
occur  simultaneously. 

A.  Softening 

There  apiaars  to  be  no  clifference  between  th«* 
.softeninjf  of  coal  under  the  influence  of  heat  and 
the  usual  meltintf  of  a  solid.  Ttt  (juote  Berkowitz 
“Due  to  the  increa.sed  thermal  oscillations  of  mole¬ 
cules  or  atomic  jrroups  at  the  micellar  surface,  a 
rapid  diminution  of  the  intrinsic  .strength  of  the 
coal  is  to  be  exiH'cted.” 
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The  mo.st  widely-u.s«*d  instrument  for  measure¬ 
ment  of  the  change  with  temtH*rature  in  the  fluid¬ 
ity  of  the  pulverized  coal  mass  has  proved  to  la¬ 
the  (lieseler  pla.stometer,  the  Davis  in.strument 
lK*injr  usetl  less  fnsjuently.  Four  temperature- 
plasticity  iM)ints  are  noted:"’ 

1)  Initial  softeniiiK  tem|H*rature 

2)  Fusion  temperature  (5  dial  divs.  min.,  ri.s- 
injr) 

:D  TemiH-rature  of  maximum  fluidity 

4)  Solidification  tem|K*rature 

Typical  tem|)erature  limits  of  pla.sticity  have 
l)een  jfiven  as  follows:"'* 


Typic«i  Co«l 

Pueic 

Tamparatur* 

R*nq*.  *c 

1 - 

R«nli 

VoUtilv 
Matt#r  % 

Initial 

Fusion 

Maiimum 

Fluidity 

Solidif..' 

tication 

Low-VolatiU 

17 

440 

480 

500 

M«d.  VoUtil* 

22 

395 

475 

505 

High  VoUtil* 

34 

370 

450 

480 

HIgh-VoUflU 

38 

380 

440 

465 

Lowry  and  .Iunt;e  have  correlated  the  character¬ 
istic  temjH-ratures  of  plasticity  with  fixed  carbon 
content.""' 

Various  indices  have  lK*en  us»*»l  to  express  the 
relative  fluidities  of  coals.  utiliziuR  the  results  of 
(lieseler  or  similar  tests.  Macura  intrcaluced  the 
conce|)t  of  “total  fluid  |K»wer”,  and  advocat«*d  the 
expression  of  the  entire  softenintr-prcKe.ss  in  rhe- 
.second  units.'"  .McCartney  and  Davis’  investi- 
jjations  of  the  relationship  la-tween  tluidity  and 
volume  expansion  indicated  that  the  mo.st  useful 
ab.scissae  were:  1)  the  mean  resistance  develoja-d 
in  the  Davis  pla.stometer;  2)  the  (lieseler  mean 
tluidity:  anil  .‘D  the  area  under  the  (lie.seler  tem- 
jH-ratu re-fluidity  curve."*' 

More  recently,  preference  has  la*en  Kiven  to 
the  use  of  the  simpler  term  “maximum  fluidity." 
expressed  in  dial  divisions  ja-r  minute.  The  rela¬ 
tionship  la-tween  maximum  tluidity  and  rank  has 
la-en  shown  by  Bussell  and  Perch  ( Fijj.  1).  l-ow- 
volatile  coals  ranged  from  0  to  KM)  units,  medium- 
volatile  from  100  to  10.000,  hi)fh-volatile  A  jren- 
erally  around  10,000  and  droppiiiK  to  as  low  as 
2  in  some  ca.ses,  and  hiKh-volatile  B  from  20  down 
to  0.  ('alibration  of  the  instrument  with  pitches 
of  known  vi.scosities  ja-rmitted  the  conversion  of 
dial  sja-eils  to  absolute  units.'"  The  appan*nt 
maximum  vi.scosities  of  low-volatile  coals  were 
found  to  la-  of  the  order  of  10''  jaii.ses,  mt*dium- 
volatile  10*.  hiKh-volatile  as  low  as  10',  and  hijrh- 
volatile  B  as  hijfh  as  10"  jaii.ses.  For  purjaises  of 
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F,g  1— INTER  RELATIONSHIPS  OF  EXPANSION  PRESSURE,  COAL  RANK, 
AND  GIESELER  FLUIDITY 

(Data  from  Ru>  lall  and  Parchj'AE 


EXPANSION  BEHAVIOR  OF  COAL  DURING  CARBONIZATION 
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NON  EXPANDING  COAL 


- VOLATILIZATION  KATE.  MG  /MIN  fOK  S  GM  SAMPLE 

- FLUIDITY  GIESELEP  OIVS  PEP  MIN 


Fig.  2. — Fluidity-Volatilization  Relationships'** 

ctiniparison,  it  may  Ik*  iiot»‘(l  that  m<)la.><.'»t‘s  ha.*;  a 
viscosity  of  about  l<t'  poises,  ami  confectioner’s 
Kliico.se  alwiut  10*  poi.ses."- 

The  intluence  of  factors  other  than  rank  is  also 
rellected  in  the  fluidity  la-havior.  DecreasitiK  the 
heatinjr  rate  shortens  the  temjierature  raiiKc  of 
Iluidity  and  decreases  the  fluidity  itself.'"-  Oxi¬ 
dation  of  the  coal  has  a  similar  effect."''  I’et- 
roKraphic  factors  which  tend  to  increa.se  the  Iluid¬ 
ity  of  a  coal  alM)V»*  that  expected  from  its  rank  in¬ 
clude  high  concentrations  of  anthraxylon,  translu¬ 
cent  attritus,  and  the  presence  of  cannel  coal.  Fac¬ 
tors  that  tend  to  reduce  the  fluidity  include  hi^h 
concentrations  of  ash,  opacjiie  attritus,  and 
fu.sain. 

.An  inverse  relationship  ladween  maximum  flu¬ 
idity  and  maximum  expansion  jiressure  would  be 
expected.  The  complex  relationship  which  actually 
exists  has  U-en  shown  by  Rus.sell  and  I’erchtFiK- 
1).  .Most  of  the  low-  and  medium-volatile,  and  the 
hiKher-rankiiiK  hivfh  volatile  coals  show  the  ex¬ 
pected  inver.se  relationship.  The  lower-rankiiiK 
hiKh-volatile  coals  show  both  low  fluidity  and  low 
exjiansion  prissure.  This  anomaly  is  explaine*!  by 


the  authors  as  lieiuK  due  t«)  th«‘  greater  shrinkaKes 
of  the  solidifyitiK  cokes  from  these  low-rank  coals, 
the  shrinkaKes  Ikmuk  .suflicient  to  relieve  any  pres- 
sun-s  d»‘velo|H*d  within  the  viscous  plastic  layers. 

Further  applications  of  Iluidity  data  to  expan¬ 
sion  iK'havior  are  considered  in  the  followinjf  sec¬ 
tion  and  -Appendix  VI.  H. 

B.  Rate  of  Volatilization 

The  chatiKe  with  risinjr  t»'mperature  in  rate  of 
volatilization  has  been  mea.sure«l  by  several  inves- 
tiKators,"'- "*  typical  results  beiiiK  shown  in 
FiK-  The  inclusion  of  (lieseler  Iluidities  on  the 
rate-of-volatilization  jrraph  showed  that  the  r»‘- 
Kions  of  nTaximum  rates  of  jras  evolution  corres- 
IMinded  with  tho.se  of  maximum  Iluidity.  Compar¬ 
ison  of  these  graphs  with  the  expansion  pressur*- 
curves  id’  the  coals  indicate»l  that  expansion 
pressure  was  due  to  th*‘  lilH*ration  of  n-latively 
lai'Ke  amounts  of  volatiU-  matter  duriiiK  the  time 
that  the  plastic  coal  was  relatively  viscous.  Th«‘ 
rt'Kions  of  hijrh  resistanc**  were  assumed  to  be  the 
temp*-rature  intervals  correspondiiiK  to  fluidities 
of  less  than  .">(1  divs.  jK-r  min.  The.se  relationships 
were  used  t<i  explain  the  development  of  expansion 
pressure  with  diff«'rejit  kinds  of  charjfes,  and  to 
make  (pialitative  predictions  of  expansion  pres¬ 
sure.  However,  FtiKlish  investiKators"*  were  un¬ 
able  to  di.scern  any  de|K-ndence  of  expan¬ 

sion  iiressure  uimih  the  rate  of  volatilization  and 
fluidity. 

C.  Swelling  vs.  Internal  Structure 

The  mechanism  of  swellinjr  can  best  Ik-  ex¬ 
plained  by  consideration  of  the  physical  structure 
of  coals.  .AccordiiiK  to  recent  ex|)erimental  work 
i-onducte<l  in  KriKland,'"  coal  consists  of  aKtfn*- 
Kates  of  molecules  (micelles)  .sej>arated  by  ca|)il- 
laries  of  averaK'*  <iiameter  approximatinjf  lOA. 
Measurements  have  U-en  made  of  the  ca|)illary 
area  and  volume:  from  them  the  average  diameter 
was  calculated,  and  estimati-s  made  of  the  min¬ 
imum  diameter. 

The  extent  of  the  ca|»illary  surface  for  a  num- 
l)er  of  coals  has  Imn-ii  calculated  from  low-tem- 
|)erature  adsorption  isotherms,  but  relatively  few 
data  are  available.  More  complete  data  are  fur- 
nish»*d  by  determinations  of  heats  of  wettiriK, 
which  has  lH‘<‘n  shown  to  la*  a  relative  indication 
of  surface  area  ( 1  cal.  e<|uals  approximately 
10  m-)."’  The  heats  of  wettitiK  with  methanol 
for  a  larjfe  numla-r  of  coals  »)f  particle  size  less 
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VOL*Tltt  MATTtRiaoft.X 

Fiq.  3. — The  Heats  of  Wetting  of  Coals  of 
Differing  Volatile  Matter  Contents'^* 

Ifiiin  72-tiifsli  r.nt.  Stil.  Si«'vr  arc  sfinssn  in  .■>. 
.Mule  I'ciciil  results  t'ur  ifials  nl'  -‘Jlo  r>SS  indi- 
late  that  the  niinituiiiu  heat  <>t'  wetting  shoiilil  he 
laisetl  t'roin  the  value  td'  ahoiit  '2  shuvvu  iu  the 
I'H-Mire,  t<i  .").  heeause  of  iueouiplete  |teuet rat iou  hy 
the  luethaiiiil  iutu  the  enarser  si/.»‘s  ul'  the  le.ss 
|i<irnus  enals.*'  With  this  i|ualit'uat ion,  the  tiyrure 
re|irescuts  the  relative  siirt'aee  areas  oT  coals  of 
ililTeniivr  Volatile-matter  contents. 

The  Volume  of  the  capillarv  .s|iaces  is  repres¬ 
ented  hv  the  jiorositv,  which  ma.v  he  calculated 
from  measurement  of  the  "true"  and  aiiparent 
sp<'cilic  ^M'avities.  Plotting  of  calculated  porosities 
against  volatile  matter  ( l-'i^r.  ll  showed  the  same 
t V  pe  of  curvature  as  was  noted  for  surface  area 
( l-'iy'.  ;!).  ('omparison  of  these  data  indicated  an 
approximate  conversion  factor  of  1',  porositv  per 
in  m  n  of  surface. 

Since  coals  in  the  natuial  condition  contain  ‘'ati- 
dlarv  moisture,  relationships  In'tween  moisture 
content  and  characteristics  of  the  idiysical  struc¬ 
ture  vv  oiihl  he  expected.  Plots  of  total  (  hed  )  mois¬ 
ture  vs.  volatile  matter,  "  ami  moisture  at  .Mi', 
humiditv  Vs.  Volatile  mattei','"'  shovved  the  same 
tv|ie  of  curvature  as  was  noted  for  surface  area 
and  porosity.  .\ii'-dry  moisture  would  (irohahly 
show  the  same  tvjie  of  curvature,  since  it  is  re¬ 
lated  ti>  total  moisture  i  I'iyr.  .'I.!,  p.  .Mi).  .More  ilirect 
evidence  is  found  m  the  relationship  hetvwen  mois¬ 
ture  content  of  air-dried  coals  and  heat  of  vvettinyr 
show  n  in  I'iyr.  .■). 
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VOLATlut  MATTER  (dotl.X 

Fig.  4. — Porosities  of  Coals  of  Differing  Volatile 
Matter  Contents** 


I'urther  research  on  the  jihysical  structure  hy 
measurement  of  aiiparent  densities,' '  and  heats 
of  vvettiny of  coals  and  chars,  indicated 
"drifts"  of  density  with  time  and  variations  in 
heats  of  wettinyr  which  could  best  he  ascrihed  to 
ditfen’iices  in  the  molecular  volumes  of  the  liguids 
and  jra.ses  used.  Since  thi-  dilTerences  were  too  laryre 


MEAT  OF  WETTING, CALS/CM  (doll 


Fig.  5 — The  Relation  Between  Heat  of  Wetting  and 
Air-Dried  Moisture  Content  of  Coals”* 


expansion  behavior  of  coal  during  carbonization 
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TABLE  I 


SUMMARY  OF  RESULTS  OF  SWELLING  OF  l-INCH 
CUBES'- 


of  Heating 


I*  Per  Min  S*  Per  M.n 


Brtght  Coel 


Dull  Coel 


,  C  d*t 

•.H  da* 

Par  Cant 

Swaltinq 

90  87 

4  8S 

34 

134 

90  87 

4  85  5  0 

70 

350 

89  88 

4  85  5  0 

70 

350 

88  87 

355 

666 

86  8S 

160 

325 

8S  84 

150 

277 

84  83 

90 

120 

83  82 

86 

145 

8281 

37 

55 

81  80 

35 

140 

80  79 

22 

7C 

76 

16 

12 

84 

21 

45 

84 

3 
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til  l»f  cxplaiin-ti  by  the  av»'iaK<'  lapillary  ilianu  t«-r. 
it  was  p<istulat«‘(l  that  the  pore  spaei*  contains 
lumierous  tiiu'  constrictions.  Th«‘  diameter  at  these 
constrictions  would  be  of  the  same  ord«‘r  as  tin- 
molecular  diameters  of  the  jrase>  and  liquids  u.sed 
(2  to  ■)  anvrstroms).  It  was  observed  that  drifts 
in  density,  and  dillicultly  accessible  pores,  meurred 
most  often  with  the  cokin^r  coals. 

The  poorly-cokin>f  and  niui-cokin^^  coals  are 
therefore  characterized  by  a  comparatively  op»  n 
type  of  capillary  structure,  whether  jud>r»‘d  by 
surface  ai’ea.  porosity,  or  const rii  titins.  Studies  (d' 
the  internal  structures  of  coals  and  their  cokes 
produced  at  different  temperatures  showed  that 
capillaritx  persisted  throughout  caiboiu/.ation  and 
therefor*'  com()let*'  fusion  of  the  coal  *lid  not 
take  |)lace.'”' The  accessibility  of  th*'  inm-r  sur¬ 
faces  to  liipiids  ami  jra.s*‘s.  h*iw*'v*'r,  was  dimin- 
islu'd  with  rising  larbonization  tempt-rature.-' 

.According  to  the  theory  of  I’.erkowitz,  the  sw*'ll- 
iny  of  coal  is  due  t<i  >ra.s*'s  foi'tned  by  pyrolytic  tie- 
composition  within  the  ca|)illar\  structure  d*'- 
scribed.'''  The  rate  of  ditfusion  of  the.se  jjases  to  the 
extei  ior  of  the  particle  will  be  jroverned  by  the  pore 
diameter  and  constrictions.  Since  cokinjr  coals  are 
of  comi)arati\ely  ilens*'  structui'e.  a  Kas  pressure 
will  be  built  up  within  the  p<tres.  Hecau.se  of  soft- 
eiiinvr  of  th*‘  coal  sub.^tanct'.  a  staK*'  will  Ik*  reached 
when  the  yield  stress  of  a  particle  has  be*'n  re- 
iluced  to  a  value  below  that  of  the  internal  pres¬ 
sure.  anil  the  coal  distends.  Sine*'  swelling  does 
not  tu'cessarily  produc*'  a  material  of  larjre  in¬ 
ternal  surface,  it  is  jirobable  that  th*‘  jras*‘s  ilo  not 
*‘scape  uniformly  throujfh  all  pore  exits,  but  in¬ 
stead  follow  the  paths  of  U-ast  resistance  throujrh 


th*'  bi>r>rt*i’  iKiri's  ami  cracks.  In  contirmation  of 
this  th*'ory.  it  has  U-i'n  foumi  that  slow  rates  of 
hi-atini;  (<».')  (’  [H'r  min. I  will  greatly  suppri'ss 
sw*'llinj;.  ami  rapiil  rati's  will  protiue*'  cok*'-like 
ri'sidm's  fnrm  n*>rmally  non-cokinvr  coals. 

The  actual  sw*>llin>r  of  coal  iiarticb's,  laith  brinht 
and  ilull,  has  bei-n  nu'asur*'*!  by  .M*>tt  (Table  1). 
The  swclliiiK  was  most  pron*>ui\i *'*1  in  th*'  iliri'ction 
|M'rp*n*iicular  t*i  tlu'  In'ildinK  plan*'  of  th*'  c*>al. 
Fr*im  the.s*' ilata,  it  ma\  b**  conclud*'*!  that  : 

1 )  The  cokinyr  c*)als  ar*'  charaicteriz***!  by  hinh 
l>t'rc*'nta^r*'s  of  positive  sw*'llinjr. 

2)  Sw*'llin^r  incr*  as*'s  with  th*>  rat*'  of  luaitinjr. 

.'!»  HriKht  coal  sw*'lls  mor*'  than  *iull  coail. 

Sw*'llinK  "1  columns  of  coail  pairticU's  (th*'  Sh*'f- 
tii'lil  (’okinK  I'l'st )  jfi'iii'rally  show*'*!  th*'  saian*'  Kiai- 
daition  with  \airiaitions  in  carbon  conti-nt  ais  wais 
foumi  for  sinyd*'  pairt ieb's. 

Th*'  atnomadous  tluiility-*'xpainsion  bi'haivior  of 
coals  ait  th*'  limits  of  the  coking  baml  may  !>*•  *'X- 
|ilaiin*'d  on  th*'  baisis  that  the  swi'lliiiK  <d’  th*'s*‘ 
coals  is  insutbcii'iit  for  th*“  formation  of  continuous 
plastic  layi'is.  I’hi'  ri'aison  for  this  laick  of  swi'llin^r 
may  1h'  foumi  in  th*'  com|)airaitiv*'ly  o|H'n  physical 
struitur*'  of  thi's*'  coails.  Physical  structure  is  also 
u.s*'ful  in  explaining  the  swelling  bi'haiviors  of 
oxidized  coads  and  (U't  ro>frai|)hic  const itui'iits.  For 
oxidizi'il  coails,  both  hi'ait  <»f  wi'ttinj;  aind  porosity 
mi'asuri'mi'iits  imlicati'  thait  oxiilation  li'ads  to  a 
mor*'  opi'ii  typ*'  of  structur*'."’  Of  th*'  pi'trojrraiphic 
constitui'iits.  vitrain  aippari-ntly  has  smadli'r  caipil- 
lairii's  than  ilurain  or  fusain.  sine*'  small  hysti'ii  si*-' 
loops  wer*‘  obsi'ivi'd  for  this  constitui'iit  iluriiiK 
nmistur*'  sorption.''' 

III.  Mechanism  of  Development  of 
Expansion  Pressure 

Th*'  basic  thi'ory  of  th*'  mi'ihainism  by  which 
I'Xpainsion  jin-ssur*'  is  d*'V*'lop*'d  was  proposi'd  by 
II.  Koppi'i's.  aift*'!'  clos*'  obsi'rvation  of  th*'  jih*'- 
nomi'iion  on  an  industrial  .seal*',  ami  *'Xi>«rim*'nts 
with  laboraitorv  aiml  m<ivaibl*'-waill  f*'st*'rs.'"  Th*' 
oi'inin  of  I'Xpainsion  pri'ssur*'  was  aiscriln'd  t<i  th*' 
*'ntrai|)m*'nt  of  pmsi's  of  di'composition  within  the 
plaistic  layi'r,  the  pri'ssur*'  beinp'  di'pi'iuli'nt  upon 
th*'  viscosity  of  the  layi'r  and  th*'  rat*'  of  jrais  *'Vo- 
lution.  Afti-r  the  |ir*ssur*'  has  *-ompr*'sse<l  th*- 
chairK*'  to  its  maximum  bulk  detisity,  the  full  *'X- 
pansion  pn-ssur*-  must  b*-  *'xert*'d  on  th*-  oven 
wadis.  If  only  a  slijfht  cok*-  shrinkajre  occurs,  pres- 
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>iiif  on  thf  vvall.-*  w:ll  U*  rnaintain«*<l  as  th**  plastii* 
Ia\»'r  |h**»>.mi*s.h<-s  touartl  tht*  n)i*i-plaiu*  of  thr 
At  thi  lina*  of  niortiriK  ‘»l  th**  plastir  la>rrs,  which 
taki-s  plat  r  when  the  nwti-platie  temperature  is 
al»out  r»(M»  ( ■,  nearly  all  expansjon  pressure  curves 
shovM'd  a  peak  pressure. 

rhe  rnoth  i  ri  t  h«*or>  t»f  t  he  development  of  expan¬ 
sion  pre>siirt*  has  heen  preM*nte<|  h\  Uussell:"'* 

•’hi  a  r<  uM'fi.  iiUi'ta  paialU*!  to  tiu 

Ma)i'«  an*  t*-talili-h«-'i  aft«'i  tht*  roal  is 

ami  piuvrii  HS  to\^ai«l  tin-  n  iit*  i  of  the  oven.  I»eraii>e 
ttnii-  I**  «  onsidei  ahie  Iwaf  in  the  loof.  ttoois  atlii  tlooi-^. 
pla-^tn  ’‘eaiii'*  aie  al^»»  siartet!  from  thi'^^e  >uifa<«’s  ami 
pio^ros«  aN^av  from  them  at  a  rate  proportional  to 
the  heat  axailalile  In  othei  wtiiij.s,  there  a  ron 
tiroiou'--  pla'^tii  <‘nveiope  atoiire!  the  uii«*arl»or)i/.e4i  coal 
from  a  time  nhortl^  aftei  the  eoal  is  charfcrei!  int»»  the 
oNen  until  the  tv^o  plastn  '^eaiiis  staitin^r  from  the 
<»ven  walls  im  et  at  ihet  entei  of  the  oven  t ia^es  e\ olveil 
int<»  the  raw  coal  suie  of  the  plastic  seams  are  theie* 
foie  entiapped  Within  the  plastic  envelope.  Nt'iri  the 
eml  <»f  tf.e  coking'  p«mo4|  when  the  plastic  seams  ate 
nieetihi.'  at  the  camter  f>f  tiu*  oven,  ami  witli  the  i  nve- 
lope  still  tritrappinir  the  vases,  tin  rate  of  heatinv 
incieases  shar|>l.v  olue  to  th«*  etTeet  fioin  ln»th  wallsl 
thus  im  M  asinv  the  amount  of  vas  «'Volve«l  w  itfi  the 
net  result  that  the  piessure  rises  laphll.v.  I’his  is  true 
with  the  low  Volatile  am)  meilium-volatile  coals  tliat 
attain  low  ami  moileiate  tlunlities  respectively.  )>ut  with 
htvh  volatile  coals  that  iM'come  hi^fily  tluiil  tiie  tuivelope, 
in  cons«M}uem  e.  IS  \er  >  perm«‘ahle  ami  this  to^etfter 
with  the  laive  ct*ke  shlinkarte  results  in  eaaV  eS4*ape 
of  the  vases  am)  in  manv  cases  no  pi<‘s«ui4‘  t**‘ak  near 
the  eml  of  the  cokinv  peiioU.’* 

'I'>liiial  r\|)ansi(iM  prcsMiif  nirvi-s  shown  in 
Kiv'.  »■> 

rinse  e\|ilanati(ins  of  the  development  of  ex¬ 
pansion  pressure  indicate  that  a  miinher  of  sinud- 
taneoiiN.  >eparate  processes  are  involved  in  th»“ 
htidd-np  of  VMS  pressure  within  the  |)lastii-  eoal, 
and  111  the  net  pressure  transmitted  to  the  walls. 
Consideration  <d' t he  experimental  work  whirl)  has 
heen  (lerfornieil  in  the  invest ijrat ion  id'  these  vari- 
alile  should  permit  a  more  eonndete  umh'rstainlinv' 
of  the  over-all  process 

A  Compressibility  of  Charge 

'The  prohahle  etl'eet  of  this  factor  is  tlu‘  retlue- 
tion  of  expansion  pressun-  durin^r  the  earlv  (lart 
of  the  rarlioni/.atioii  [wriod.  Compression  td"  the 
iinearlioni/«‘d  eoal  U-tween  th»‘  plastic  layers  would 
tend  to  relieve  the  v'!»s  pressures  within  the  layers 
liv  idlowinv'  soim“  siiaee  for  exiiansion.  However, 
as  pointed  out  l>y  Koppers.'-'  there  is  no  pos.sihility 
of  pressure  relief  in  this  mjtnner  with  eharjrv's  of 


Fig.  6— Typical  Russell  Oven  Expansion 
Pressure  Curves'*’ 

hijjh  hulk  density,  and  iifter  maximum  hulk  deii- 
sitv  has  heen  attained  with  ehiirv'es  of  low  hulk 
ileiisity.  Since  no  unfu.sed  eoal  exists  iit  the  time 
of  meeting  of  the  plastie  layers,  eompre.ssion  could 
not  relieve  the  peak  pressure,  which  is  the  usual 
I  riterion  hy  which  coals  are  jinined. 

.■\lthou^rh  no  exiierimentiil  evidence  has  Iwen  of¬ 
fered,  it  is  reasomihle  to  iisstime  that  the  eom|)ressi- 
hility  <d'  partieuliite  eoal  is  primarily  a  function 
<d'  the  hulk  density. (’onseijuently,  eomiires- 
sihility  could  not  aeeouiit  for  the  widr-  differences 
which  have  heen  oli.served  in  the  expansion  1h“- 
haviors  of  different  coals;  this  factor  jirohably 
eontrihutes  to  the  v't'iidual  increase  in  carboniza¬ 
tion  of  certain  coals. 

B.  Coke  Shrinkage 

From  the  results  of  several  different  methods 
of  test,  thi-  Hureau  of  .Mines  concluded  that  cokes 
from  all  coals  shrink  to  t*raetieallv  the  same  ex¬ 
tent  ( 10. .T  linear  |H‘r  cent)  between  formation  tem¬ 
perature  and  1000  ('.  Consequently,  differences  in 
expansion  iH'havior  should  lie  attributed  to  vary¬ 
ing  exiiaiisions  in  the  plastic  layer,  rather  than  to 
variations  in  coke  shrinkage.  Any  dillieulty  ex¬ 
perienced  in  tnishiiiK.  therefore,  should  Ik*  taken 
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as  of  daiijrorous  swi'llinjr  unless  other 

eauses  are  known  to  exist.’ 

The  above  conclusions  do  not  sit-ni  to  In-  sup- 
I  orted  by  oia'rational  experi»*nce,  and  have  not 
been  acc**pted  by  several  investijrators.*”  '  "  Soth 
and  Kus.sell’'  found  that  the  coke  from  a  low- 
volatile  coal  shrank  1>'<  ,  and  that  the  coke  from  a 
hiv^h-volatile  CIS',  )  coal  shrank  12'..  The  cokes 
from  coals  of  :5(»  and  volatile  matter  shrank 

to  intermediate  values,  but  the  shriiikajre  deviated 
from  a  simpl**  function  of  the  coal  volatile-mattei . 
The  slijrht  inconsistencies  w<‘re  attributed  to  th»- 
experinuMita!  dilliculty  of  selectiu)?  coke  s|H*cimens 
with  comparable  tennH-rature  ranjres  where  the 
gradient  was  as  hij^h  as  .'{(Mi  ('  per  inch. 

Continuous  coke  shrinkajf*-  throughout  the  car¬ 
bonization  iierio<l  should  act  similarly  to  compres¬ 
sion  of  the  charKe,  in  relieving  the  jjas  pre.ssures 
in  the  (dastic  layers  by  providin>f  somt“  space  for 
expansion.  From  the  results  ^i'en  alK>ve.  it  may 
be  concluded  that  differences  in  th»'  shriiika^e  of 
various  cokes  is  at  least  of  a  small  order  of  majr- 
nitude,  and  could  not  account  for  the  extreme  dif¬ 
ferences  noted  in  expansion  In-havior.  Compar¬ 
ative  jras  and  wall  pressure  measurements,  to  Ik- 
di.scussed  later,  show  that  the  coke  piece  is  pushed 
out  to  the  wall  duriiiK  the  exi)ansion  priKe.ss.  thus 
minimizing  any  possible  effects  of  differences  in 
coke  shrinkaKe.  On  the  other  hand,  coke  shrinkatre 
is  of  obvious  importance  in  the  final  contraction 
and  resultant  ease  of  pushinj;  of  the  charge. 

C.  Existence  of  Plastic  Layers  and  Plastic 
Envelope 

Plastic  envelo|H‘  formation  by  advanciiiK  plas¬ 
tic  layers  has  lH‘en  demonstrated  by  photographs 
of  partly  coked  ls)x  tests’”'’  and  KM-ACiA  cylin¬ 
drical  retort  te.sts.’”’ 

Kus.sell  showed  the  pre.sence  of  a  plastic  en- 
velo|H‘  duriuK  an  expansion  test  in  his  movable- 
wall  oven  by  the  indirect  methial  of  injectinj?  ni- 
troKen  into  the  center  of  the  chartre.’”’  Kach  in- 
.j»*ctioji  was  accomi>anied  by  an  increa.se  in  wall 
pressure.  When  injection  was  di.scojitinued,  the 
wall  pressure  first  dropja-d  l»elow  the  orijjinal 
value  and  then  jrradually  increa.sed.  This  behavior 
indicate<l  that  the  envelope  was  punctured  by  ex¬ 
cessive  ffHs  pressure,  and  that  the  region  of  punc¬ 
ture  was  subse<|uently  seale«l  over.  In  addition, 
runs  were  made  with  the  top  of  the  plastic  en- 
velo|H‘  kept  open  by  a  layer  of  coke  oti  the  coal 


charge.''-  F..\pansion  ttressure  curves  showed 
that  the  pre-i)eak  pn’ssun-  clo.sely  duplicated  that 
for  coal  alone  However,  the  peak  expajision  pres¬ 
sure  <levelo|M’d  by  loal  alone  was  eliminat*’d.  (In 
the  example  shown,  the  maximum  expansion  pres¬ 
sure  of  .'>.8  psi  was  re<luced  to  2.(5  psi  by  the  breeze 
coveriiiKl.  Since  !io  retiuction  in  i)r»’-jR’ak  pres¬ 
sure  was  obst’i'ved,  (he  sourc**  of  pre-|)eak  jiressure 
mu.st  U‘  other  than  the  inferior  of  the  plastic  en- 
velo|K’.  (las  pressure  measun>ments,  tti  Ik*  con¬ 
sidered  in  the  next  section,  indicate  that  the  pre- 
|M’ak  pressure  is  ordinarily  due  to  jras  pressure 
within  the  |>lastic  layer  it.self.  The  elimination  of 
the  |R’ak  expansion  pressure  furnished  confirm¬ 
atory  evidence  that  the  peak  pressure  is  due  to 
>tas  pressure  within  the  plastic  envelope. 

Kxiiansion  tests  were  conducted  also  in  an  oven 
of  s|H*cial  design,  in  which  the  top  part  of  the 
chamber  (to  on»‘  fend  below  the  coal  line)  was 
w  idened  one  inch.’’  By  means  of  a  .separately 
controllable  horizontal  Hue,  the  top  flue  temiH*ra- 
ture  was  maintained  at  1:525  F,  while  the  ladtom 
was  held  at  2425  F.  These  modifications  iK’rmitte<l 
the  easy  e.sca|K‘  of  K«ses  from  the  interior  of  the 
charge  by  retarding  cokinjr  at  the  top.  The  maxi¬ 
mum  expansion  pressure  of  a  mixture  of  Fieckley 
seam  coal  and  pitch  was  retluced  from  more  than 
12  psi  in  the  regular  oven  to  aljout  I  psi  in  the 
altereil  oven. 

The  fact  that  jfas-pre.ssure  curves  in  commercial 
ovens  ( F'ivr.  9)  exhibit  jH’ak  pre.ssures  is  an  indi¬ 
cation  that  plastic  envjdopes  are  al.so  present  in 
lartte  ovens. 

D.  Gas  Pressures  Within  the  Charge 

The  close  relationship  Is’twwn  expansion  pres¬ 
sure  and  Ku.s  pressure  within  the  charjr*’  is  evident 
from  the  course  of  these  pressures  duriuK  the  tests 
shown  in  Fijrs.  7  ami  8.  The  successive  increa.ses 
and  decrea.ses  of  k«*s  pressures  in  the  tulx’s  located 
at  increasing  distances  from  the  wall  have  U’en 
interprete»l  as  indicat inx  the  progression  of  the 
plastic  layer  past  the  .sampling  points.  It  is  evident 
that,  at  any  time  duriiiR  the  pre-|H-ak  period,  the 
wall  pressure  approximated  the  khs  pressure  at 
the  .samplinj?  |)oint  coincidiiiK  with  the  (M>sition 
of  the  plastic  layer.  Since  the  pressures  in  the 
middle  of  the  charge  were  btw  during  this  iK’rical, 
it  must  have  Is’en  lai.ssible  for  the  jfu.ses  formed 
on  the  cold  .side  of  the  pla.stic  layer  to  pass  out  of 
the  charge  at  an  area  of  low  resistance.  The  rela¬ 
tive  pressures  indicate  that  the  pre-peak  wall 
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0  t  J  «  s  » 

Time  .  HOURS  AETCR  charging 

Fiq.  7. — Wall  and  Gai  Pressures  in  Movable-Wall 
Test  Oven'** 

picssuius  \\«  I’c  <lii<‘  to  ('a.'i  prcssurf  within  the 
nidi viiliial  plastu  layrrs.  and  imt  I'nmi  k**'*  pf«‘s- 
sui'f  wilhm  thf  plastic  ciivclnp*-.  It  may  also  he 
iiit'cricd  that  the  «‘\paiisioii  pressure  of  tin-  (ilastic 
laser  was  transmitted  liy  the  particles  id'  raw 
coal  on  one  side,  and  on  the  other  side  was  trans¬ 
mit  letl  hy  the  coke  to  the  osell  walls. 

.\s  the  \crtical  plastic  iast-rs  approached  each 
other  in  the  midplane  of  the  oven,  the  gas  i>rE‘ssure 
in  the  middle  of  the  tharge  gradually  increasi'd. 
The  siniiiltan»‘ons  occurrence  of  maximum  wall 
pressure  and  niid-i>lane  gas  iiressnre  definitely  «-s- 
tahlishes  the  soiiri'e  of  the  (M-ak  expansion  |ires- 
sure.  In  most  cases,  the  gas  pressure  was  higher 
than  th«‘  wall  pressure.  This  would  Ih“  exjiected, 
sincE'  the  gas  (iressure  was  not  etTective  over  tht’ 
entire  wall  area  li«‘canse  of  coking  from  Emds.  top, 
and  hottom.  while  the  movahle  wall  nu'asiired  only 
a  total  tiressur*-.  from  w  hii  h  an  average  pressure 
was  calculated.  In  adtiition,  it  is  prohalile  that 
the  (ilastic  envelo|)e  was  sutliciimtly  rigid  to  con¬ 


HOURS  Af  ter  charging 

- EXPANSION  PAESSUAE 

.  6AS  PAESSUAE  O  EAOM  lOTTOM 

-  GAS  PAESSUAE.  10  EAOM  TOP 

Fiq.  8. — Comparative  Wall  and  Gas  Pressures*^ 

tain  a  |iortion  of  the  gas  pressure,  thi*  remaindET 
l«‘ing  transmitted  hy  the  coke  to  the  walls. 

<'om(iarison  of  thi-  pn-ssures  at  different  levids 
in  thi-  midplaiu-  of  flu-  charge  (Fig.  S)  indicates 
that  the  gas  pressure  was  approximately  the  same 
at  the  toji  and  iHittom  of  tin*  jilastic  envelo|)e.  Re¬ 
least'  of  the  gas  (iressiire  inside  the  etiveltiiie  hy 
allowing  gas  to  How  from  the  .samiding  tuhe  was 
accompanied  h>  a  simultaneous  decrea.se  in  wall 
pressure,"'  thus  furnishing  confirmatory  evidence 
regarding  the  source  of  the  exjiansion  pressure. 

On  the  basis  of  results  from  2t>  tests,  Naiigle 
has  shown  the  follow  ing  relationshi|i  hetwfen  peak 
wall  and  mid-plane  gas  pressures;'” 

Gas  Pressure  1.95  Wall  Pressore-0.83  (r  .95) 

The  deviafitins  may  he  partiallv  attrihiited  to 
experimental  ilitliciilties  encountered  in  gas  (ires- 
sure  measurement.  A  numher  of  ohservers  have 
re]iorted  that  great  care  was  necessary  to  avoid 
erroiit'ous  jiressiire,  since  the  inlet  of  the  gas  tuhe 
frequently  hecame  (ilugged,  iiarticularly  during 
the  (ilastic  stage  of  the  coal. 

Ihita  concerning  tht'  internal  gas  (iressures  of 
a  .series  of  coals  are  availahle  from  carlMinization 
tt'sts  of  some  of  the  RM-ACl.A  ctials  (Tahle  II). 
While  carlMini/.ing  coiulifions  in  these  cylindrical 
retorts  ditTer  widely  from  those  in  ovens  of  rec¬ 
tangular  cross-.section,  the  maximum  internal  gas 
(iressures  should  furnish  some  indication  of  the 
relative  ex(ianding  (iroiwrties  of  the  different 
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TABLE  II 

MAXIMUM  INTERNAL  GAS  PRESSURES 


BM-AGA 

Retorts' ■" 

T«mp.  *C 

soo 

600  700  800 

900 

800  900 

1000 

Co«l 

FC. 

rassura.  psi 

r 

l3-in.  Ratort 

ir 

ll-ifi.  Ratort  ) 

Pocahontas 
No.  4 
Uppar  Kit- 

L  V. 

83  3 

0 

51  90  55 

67 

82  83 

35 

tanning 

Pocahontas 

L.V 

82.1 

0 

72  65  70 

69 

66  61 

41 

No.  3 

L.V 

817 

0 

82  88  58 

71 

62  67 

63 

Sf-.ll 

L.V 

78.7 

54 

43  21  6 

6 

6  6 

8 

Mtchal 

M.V 

— 

-  -  - 

7 

-  - 

— 

Pond  Crook 

H  V.A 

669 

0.9* 

I.O*  0.2*  0.1* 

0* 

0.1*  0* 

0* 

30*/®  Pocahontas  , 

No  4 

68  2 

065* 

70%  PiHsburgh  ’ 
20%  Pocahontas 

No  4 

66  4 

0.l‘ 

80%  Pittsburgh  ! 

*Madi 

in  inchat  ot  H^O 

and 

calculatad  to  pt* 

o 

o 

3 

3 

fD 

si  Ovens 

Coking 

Rata  Bulk 

Mat.  Prass. 

;n. 

hr  Dans. 

n.  H,0 

R.l 

Blond  27.0% 

V.M. 

l.I 

Normal 

40 

202 

29.7% 

V.M. 

0.7 

24 

169 

18.3% 

V  M. 

0.7 

Low 

2 

178 

210% 

V.M. 

1  2 

“ 

3 

2 

cmirst*  of  thf  pressiiros  (F’Ik-  iU  won*  similar  to 
thoso  ol»s»‘r\**(l  in  ex|KTimt>ntal  apparatus. 

('■as  pro.ssures  in  tho  plastic  layer  arnl  plastic 
*‘nvt-lo|H‘  account  for  the  expansion  pressures  «)f 
the  coals  of  most  practical  interest — those  having 
sullicient  plasticity  to  exhibit  peak  pressure.  How¬ 
ever,  another  tyjH*  of  expansion  must  Ik*  operative 
for  tho.se  coals  which  exhibit  a  maximum  pressure 
(lurinjr  the  early  part  of  the  cokiiiK  jH-riod,  and 
little  or  no  la-ak  ( Fijt.  b.  curve  IV).  Such  coals 
would  include  those  at  the  limits  of  the  cokiiiK 
band,  oxidize*!  coals,  and  hi)fh-inert  charjres.  The 
pressun*  from  the  low-rank  and  oxidized  coals  are 
onlinarily  in  the  .safe  ranjre,  the  initial  pressure 
ladiiK  of  the  *)rder  of  l.o  psi  with  little  *>r  no  in-ak  ; 
*on  the  other  hand,  semi-anthracites  may  jjive 
initial  pressures  as  hijfh  as  4  psi  and  no  |H‘ak.'‘* 
Since  fusion  in  th*‘se  coals  is  |M>or,  it  w*»uld  not  be 
exiK-cted  that  their  expansions  are  due  to  ttHs  pres¬ 
sure  in  the  plastic  layer  or  plastic  envelo|H-.  E'or 
th*-.se  coals,  the  wall  pre.ssure  is  probably  due  to 
particle  swellinjf  caused  by  gas  pressures  withiii 
the  individual  coal  i)articles. 


coals.  The  maximum  gas  pre.ssur**  usually  (Kcunvd 
at  about  70'-  <d’  the  coking  time.  It  may  be  .seen 
that  the  gas  pre.ssure  was  nmghly  proportional  to 
the  tixed  carbon  content,  the  highest  pressun- 
tabulated  (bo  psi)  being  develoin-d  by  PiK-ahontas 
No.  4  coal  carlM)niz»*d  at 
7<M»  (’.  High-pressure 
coals  always  expanded 
the  retorts,  in  som*-  ca.ses 
to  the  bursting  |M)int. 
even  though  these  coals 
were  charged  at  low  bulk 
densities.  It  was  al.so 
not*-d  that  some  retorts 
were  deform**d  when  the 
internal  gas  pressure 
was  low,  from  which  it 
was  concluded  that  other 
factors  contributed  to 
coal  expansion.' 

Internal  gas  pressures 
measured  tluring  carbon- 
ization  in  commercial 
ovens  are  al.so  shown  in 
Table  II.  The  maximum 
I)ressures  were  l*>w.  t)re- 
„  ,  .  ,  _  sumablv  becau.se  *)f  slow 

Pressure*  In  a  Full-Scale  ‘^'^k.ng  rates  or  low  bulk 

Coke  Oven^  densities.  However,  the 


E.  Thickness  of  Plastic  Layer 

.Attempts  to  measure  the  thickness  of  the  pla.stic 
layer  directly  by  the  "feel”  of  a  needle  in  a  lab¬ 
oratory  retort  have  ap))arently  been  abandoned 
because  of  the  personal  element  involved. 

The  width  of  the  layer  was  visually  ob.served 
in  a  partially  coked  charge  of  Pittsburgh  In-d  coal 
removed  from  th*-  Itureau  of  .Mines  .sol»--heated 
oveti.  ‘  After  a  coke  layer  1 '  j  in.  wide  had  been 
formed,  the  pla.stic  layer  ranged  in  thickne.ss  fron\ 

'  I  to  '  ■>  in. 

The  thickness  of  the  plastic  layer  during  car¬ 
bonization  in  the  Hureau  of  .Mines’  small  two-wall 
h»-at»‘d  oven  was  estimate*!  by  the  indirect  m*-th*id 
of  comparing  the  temiH-rature  progression  with 
the  temiH-rature  limits  *>f  plasticity  as  indicated 
by  the  Davis  plast*>meter.' "  The  estimates  were 
made  fnmi  phds  <d'  isotherms  *»f  plasticity  limits, 
*>n  c*H)rdinat**s  of  time  an*l  distance  from  wall.  At 
a  heating  rate  corresponding  to  a  flue  temin-rature 
of  240((  F.  the  vertical  plastic  layers  averaged 
alstut  0.2  in.  in  thickness  when  near  the  oven  walls, 
then  thickeried  as  they  appr*)ached  each  other.  At 
the  time  of  meeting  of  the  layers,  the  double  layer 
was  alK)ut  1.4  in.  thick.  At  a  heating  rate  corre- 
sp*)nding  to  a  flue  temix-rature  of  2100  F,  the  lay¬ 
ers  were  0.:5  in.  thick  initially,  increasing  to  a 
double  layer  l.I)  in.  thick.  These  te.sts  sh*)wed  that 
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lh<-  thuktH-s.'*  of  th*-  pla.'tiic  la><Ts  i.>(  Kroat»-r  with 
low»T  wall  tfmiK-iattir«-!<  and  1ow«t  hfatiiiK  ratos. 

Kiis.m-ll  and  I'l  rt  ti  niad«-  .similar  «  stimatfs  from 
l••m|M■ratur*•  projfif.ssions  in  thrir  movable-wall 
oven,  anil  tem|M-ratnre  limit.s  of  plasticity  as  mea.s- 
iired  with  the  Ciie.sider  plastometer."'”  The  thick- 
ni'ss  of  I  tie  plastic  layer  was  defined  as  the  distance 
in  ttie  ctiarne  corresiNiiidint;  to  the  upper  and 
lower  temiMTal lire  limit.s  of  plasticity,  (ieometric 
considerations  prove  that  the  thickness  may  be 
calculated  from  the  following  formula; 


Thiclineti  (in.) 


plastic  range  (  C) 

temp,  gradient  in  plastic  layer  (  C/in.) 


IMottiiiK  of  the  data  obtained  duriiiK  the  car¬ 
bonization  of  a  l\  pical  coal  showed  that  the  thick¬ 
ness  of  the  Vertical  plastic  layers  steadily  in¬ 
creased  from  zero  at  the  start  of  the  cokiiiK  {wriod 
to  ti  a  in.  at  the  sixth  hour;  at  tl.T  hours,  the  two 
lasers  met  to  form  a  double  plastic  layer  1.7  in. 
wide.  ( 'alculat ions  on  2.")  coals  showed  that  the 
double  laser  may  Im-  as  much  as  :{.!»  in.  thick  at  loss- 
rates  id’  heatiiivr 


F.  Path  of  Gases  from  Plastic  Layers 

The  lias-pressure  curves  in  E'iifs.  7  and  S  indi¬ 
cate  that  the  liases  leavinif  the  hot  side  of  the  plas¬ 
tic  layer  may  pass  throuirh  the  coke  svith  a  ne>rli}ri- 
ble  pressure  drop;  the  cold  side  ifa.ses  frequently 
encounter  enouirh  resistance  to  build  up  consider¬ 
able  pressure,  most  pronounced  svhen  the  plastic 
layers  nust  (’on.sequentlv .  the  relative  propor¬ 
tions  of  irases  leavinif  the  two  sides  of  the  plastic 
Ia>er  should  Is-  considered. 

(tnly  a  limited  numU‘r  of  measurements  have 
U-eii  made  of  these  proportions.  Schniidt  found 
that,  with  coals  of  I'.t  to  22'.  volatile  matter, 
from  22  to  28',  id'  the  sum  of  the  ijas,  tar,  and 
ammonia  left  the  cold  side  of  the  plastic  layer.'"' 
l-’oxwell,  workini:  with  coals  of  apjiroximately  :>0' , 
volatile  matter,  found  that  from  1(1  to  .‘{O',  of  the 
permanent  ira.ses  wen*  evolved  on  the  cold  side.'” 

There  are  various  theories  concerninif  the  fac¬ 
tors  which  influence  the  relative  proportions  of 
hid-  and  cold-side  irases.  SaiMizhnikov  concluded 
that  the  width  of  the  plastic  layi'r  was  determina¬ 
tive,  since  as  much  as  70'.  of  th«‘  total  ifas  was 
1‘volved  on  the  cold  side  when  the  plastic  layer  was 
narrow,  and  only  Id',  when  the  plastic  layer  was 
wide.''-'  Soth  and  Kus.sell  have  propo.sed  the  esti¬ 
mation  of  the  relative  proportions  from  lluidity- 
Milatilizatioii  relationships  (Ki|r.  2,  p.  21).  They 


suirirested  that  the  flow  to  each  side  varies  in¬ 
versely  with  the  resistance,  resistance  ladnir  de- 
tined  as  the  temjK'rature  interval  eticlosinir  lluid- 
ities  less  than  .'>d  divs.  is  r  min.  (<  ross-hatched 
area  in  Fi|f.  2).''' 

Indirect  evidence  may  al.so  Is-  sum*'  indication 
of  the  path  taken  by  the  irases.  Smith  pointed  out 
that  hiirh-lMiilinir  products  in  the  irases  leavinir 
the  cold  side  of  the  plastic  layer  should  la*  con¬ 
densed  in  the  coal.-'  If  a  substantial  flow  of  iras 
has  occurred  in  this  dilution,  the  pyrolysis  of 
•he.se  deposited  tars  and  oils  should  cause  a  sudden 
enrichment  of  the  itas  at  the  time  of  meetinir  of 
the  plastic  layers.  The  irases  leavinir  the  hot  side 
travel  throuirh  the  hot  coke,  where  they  are 
cracked  to  the  secondary  products.  The  cold-side 
ira.ses,  however,  probably  leave  the  charire  throuirh 
the  more  la  rnieable  layer  at  the  top,  where  they 
are  cracked  to  a  lesser  extent,  since  the  time  of 
contact  is  very  short.  Consi-quently,  iras  analy.ses 
made  throuirhout  the  carbonizinir  |H*riod  should 
furnish  information  concerninir  the  path  taken  by 
the  irases.  I>ata  were  presented  which  showed  that 
sudden  enrichment  of  the  iras  iK'curred  at  75'.  of 
the  cokinir  time,  presumably  at  the  time  of  meet- 
iiiK  of  the  plastic  layers.  The  results  were  con¬ 
firmed  by  several  other  workers  usinyr  different 
coals  and  carbonizinir  chamla-rs  ( Fiir.  11). 

Kxamination  of  iras  analysis-time  curves  from 
other  sources  indicates  that  this  sudden  enrich¬ 
ment  does  not  always  occur."'-- In  addition, 
analysis  of  sponire  attached  to  the  inner  end  of 
coke  pieces  showed  that  its  ash  was  the  same  as 
the  balance  of  the  coke  piece,  indicatinir  that  the 
sponire  was  formed  from  coal  and  not  from  con¬ 
densables. For  these  coals,  most  of  the  oil  and 
far  must  have  e.scaiH*d  throuirh  the  coke. 

Continement  of  the  ira.ses  within  the  charire,  so 
that  they  could  escape  only  throuirh  the  vertical 
Iilastic  layer,  has  develoiH'd  very  hi|rh  expansion 
pressures.  Kx|H*riments  of  this  kind  are  de.scrilied 
by  (iieseler,  who  carlMUiized  charires  in  a  hori¬ 
zontal  tube  heated  by  two  annular  furnaces  which 
were  slowly  advanced  toward  each  other  durinir 
the  cokinir  iieriod.  '  Some  of  his  results  were  as 
follows ; 


Bulk  Density 

Max.  Expansion 

pcf 

Pressure,  psi 

Coal  G7  (Eipanding) 

56 

47 

62 

165 

Coal  F  (Non-Expanding) 

56 

None 

62 

71 
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SiiHV  pressun-s  an-  niiuh  hijfht-r  than 

thus*-  iihst-rved  in  ordinary  nn-thods  of  carlHmiza- 
tion,  it  is  indicated  that  the  within  the  plas¬ 

tic  envelo|H‘‘  do  not  escajH*  throiijrh  the  plastic 
layer,  hut  leave  the  charge  at  an  area  of  lower 
resistance,  prohahly  throujfh  the  more  la-rnu-ahle 
area  at  the  top  of  the  charKe.  To  increase  the  yieUl 
of  hydrocarlMtns  by  increasing  the  flow  of  gases 
by  this  path.  Smith  covered  the  coal  charge  with 
a  two-inch  layer  of  coke  brn-ze.--  Kus.sell  has 
shown  (see  Elxistence  of  I’lastic  l.ayers.  p.  25). 
that  provision  of  such  a  low-resistance  avenue  of 
esca|H'  for  the  internal  ga.ses  by  a  breeze  layer, 
or  other  mixlitication,  d»*crea.ses  the  maximum  ex¬ 
pansion  pressure. 

It  can  b«-  concluded  from  these  ex|K-rinn-nts  that 
a  variable  pro|K)rtion  of  the  total  gases  are  evolve<l 
on  the  cold  side  of  the  plastic  layer;  however,  the 
factors  which  influence  the  relative  pro|M»rtions 
evolved  on  the  hot  and  cold  sitles  have  not  yet  l>een 
defined.  It  is  indicate*!  that  the  gases  within  the 
envelo|H*  exit  through  the  top  of  the  charge.  Un¬ 
doubtedly,  the  restriction  of  this  area  as  the  plas¬ 
tic  layers  approach  each  other  contributes  to  the 
develo|)ment  of  peak  exi)ansion  pressun-. 

G.  Theory  of  Mechanism  of  Development  of 
Expansion  Pressure 

This  de.scription,  although  ba.sed  on  the  theories 
and  exp*‘rimental  work  cited,  .should  la*  regarded 
only  as  a  working  hy|M>thesis.  since  certain  as- 
|H-cts  are  nece.s.sarily  ba.sed  on  inference  rather 
than  direct  ex|)eriment. 

As  coking  coal  pa.s.ses  through  the  range  of  car- 
Isinization  temperature,  the  simultaneous  occur¬ 
rence  of  rapid  volatilization  and  .softening  of  the 
coal  sub.stance  results  in  swelling  of  the  particles. 
The  force  causing  swelling  is  the  pressure  of  the 
internal  gases,  which  are  partially  con.strained  by 
the  capillary  .structure  «)f  the  coal. 

Coals  Forming  Continuous  IMastir  Layers.  In 
a  coke  oven,  the  restraints  imposed  by  the  walls, 
floor,  and  weight  of  the  su|H“rincumbent  coal  |>er- 
mit  the  internal  pressure  to  deform  the  softenetl 
particles  into  a  substantially  continuous  pla.stic 
layer,  which  entra[)s  bubbles  of  gas.  The  pres¬ 
sures  within  the.se  bubbles  mu.st  rise  to  a  value 
high  enough  to  enable  the  pas.sage  of  the  gas  from 
the  plastic  layer,  resulting  in  a  pre-peak  pre.ssure 
u|)on  the  oven  wall.  The  greater  tpiantities  of 
gas  pass  laterally  through  the  coke  and  upward 
along  the  wall,  and  smaller  quantities  jta.ss  into 


the  coal  charge  ami  e.scajH-  through  th«‘  more  )H-r- 
meable  area  at  the  top  *>f  the  charg*-. 

In  the  ca.se  of  the  high-ex|)anding  low-volatile 
coals  (Fig.  6,  curve  II),  ami  to  a  les.ser  extent  the 
medium-volatile  coals,  the  gas  pressures  within 
fht-  individual  plastic  layers  increase  as  the  layers 
progn-ss  towar«l  the  middle  of  the  ovei\.  These 
increa.ses  in  pressure  may  la-  attribute*!  t*>  increas¬ 
ing  resi.stance  caus*-*l  by  the  gradual  thickening 
*)f  the  layers,  which  reach  maximum  thickness 
when  they  meet  in  the  mi*l-plane  *)f  the  *)ven.  At 
the  time  of  meeting,  the  rate  of  temin-rature  ris** 
increas**.s  sharply  (Fig.  10).  due  to  pr*-*irying  and 


Fig.  10. — Rate  of  Travel  of  Fusion  Zone  in  Cole 
Ovens'*’ 


j)reheating  *»f  th*-  c*»al,  with  a  c*i!is«“quent  incr*-ase 
in  the  rate  *>f  gas  ev*>luti*)n  (Fig.  11).  (Th»-  lat¬ 
ter  rea*tings  were  ma*le  at  hourly  intervals;  it  is 
pr*)bable  that  rea*lings  ma*le  at  .sh*)rter  intervals 
w*)ul*l  imiicate  a  sharja-r  (a-ak ).  At  the  same  time, 
the  area  of  escaja-  for  the  gases  la-tween  the  plas¬ 
tic  layers  is  greatly  restrict*-*!.  Th**.st-  fact*)rs  cau.se 
a  rapi*l  increas*-  in  th*-  mi*l-plane  gas  pressure. 


Fig.  1 1. — Gas  Evolution  and  Btu  Value  in  Illinois 
Slot  Oven'*' 
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with  ail  ac t an>  iii^'  iiu  rt  asf  in  wall  inosiirc. 

'I  ln-  hij^h  iir<>.xnn-s  lontimi*-  until  th*-  rat**  of  ^fa.x 
fvolntion  is  ih-i  rfascd  and  th*-  pt-rnn-aliility  of  th** 
!a\<*r  is  in*  rfascd  li\  th**  |ir*>t; rt-s.ninjf  i’arlKini7.a- 
ti*>n,  aft**r  which  th**  ninl-plan**  >fas  pr**ssur**  an*! 
th**  wall  |l|■*•s>nr*•  *lr*ip  t*<  low  valn**s. 

'I'h**  hiKth  volatil**  i-oals  *d'  hijrhcr  rank  hav**  pr**- 
n*inn<'**d  fr****-sw**llinK'  aliiliti**s.  and  proilin***  plas- 
tn*  lav**rs  of  hnrli  lluidit>.  Sine**  th**  plastic  la,v**rs 
ot!i*f  n*)  sniistantial  r**sistanc«*  to  th**  Ihiw  *)f  nas 
at  an>  tini**.  pr**ssnri*-i  |■*•nlain  well  l)**low  1  psi 
( i'^'.  »),  *  nr\  <*  1  i . 

Itl**n*l-*  of  l*iw  an*l  hijrh-volatil**  *<ials  dt*v**l*ip 
pr**ssnr**s  whi*h  ar**  n-*nall>  intt*rtn***liat**  l«*twt***n 
I  ho-***  il**v**lop**d  l)\  th**  s»*paratt*  **oals.  With  t>  p- 
ical  l»l**n*ls  *d' t  his  t>  p**  (  i*'iv'  ♦>.  cnr\  •*  1 1 1 ) ,  t  h**  plas- 
tic  la>**rs  olft  r  *inl\  **nonKh  r**sistanc**  to  the  Mow 
*if  i/as  til  ^dve  a  wall  pr**ssnr«*  of  alxnit  1  psi  dnr- 
inj.'  th**  pr**-p**ak  |s*ri*i<l.  It  app**ars  that  a  pres- 
snr**  *if  this  *ir*ler  is  indis|M*nsal)l**  for  th**  f*irnia- 
tion  of  a  stronjr  **ik**.  I'ht*  pr**ssnr**  will  rise  t*) 
ahold  ‘2  psi  only  nn*l**r  th**  **^a^t^^**rat**d  conditions 
pr**sent  at  th**  tinu*  of  m****tin>r  of  th**  plastic  layers. 

Coals  l-'orniinu  Non-Continuous  IMastic  Layers. 

<  *ials  at  th(*  limits  of  th**  c*ikintr  hainl,  oxi*li/.**<l 
an*l  hij.di-in**rt  *harK**s,  ainl  tni\tnr**s  c*intainin^' 
appr***'iahle  anmunts  *d  th**se  coals  ( l•'i^^.  t*.  ciirv** 

1  1  d*'\i'|op  maximum  pi**ssnr**s  tlnriiiK  the  **arly 

part  *d'  th)*  cokmtr  |>*'ri*id,  an*l  litti**  *>r  n*i  p«*ak 
pr**ssnr**.  Sine**  th**s**  **>als  ar**  chara*  t**riz**d  hy 
low  lhii*lit\ .  p*i*ii*  sw**llinK  ahilit> ,  ainl  p<»*ir  fiisi*m. 
it  is  not  pr*)hahl**  tliat  carhonization  |(r**ssur**  r**- 
snlts  from  yois  pr«*ssni**  within  **ith«*r  th**  plastic 
la>**r  or  plastic  **nv**lo|  **.  Th**  usually  low  wall 
pr**ssnr**  ma>  h**  asirih***!  to  th**  slijrht  sw**llin>r 
**ansi**l  he  );as  pr**ssnr**s  within  th**  coal  parti**les 
t h**nis**l\ **s.  T'h**s**  coals.  h**(*aiis**  *if  th**ir  com- 

parati\**l\  *ipt*n  physii*al  st  met  nr**,  *lo  n*it  sw**ll 
sntlici**nt  1>  to  f*irm  plastic  **nv«*l*)|M*s  otTerintr  sijr- 
iiiti*'ant  r**sistan»***  to  th**  passage  of  K'as. 

\\  hil**  this  t\  p**  *>f  **\pansion  is  *)f  m*»rt*  th**or**t- 
ical  than  practi*al  int**r«*st.  initial  prt*ssnr**s  as 
hiydi  as  l  o  psi  ar**  ***immon,  with  s**mi-anthra- 
**it**s"'  *l**v**l*ipinvf  as  much  as  I  psi. 

IV.  Present  Practice  in  Expansion  Testing 

A.  Test  Apparatus  Used 

Th**  t**st-ov**n  most  wi*l<*l>  used  for  **xpansion 
t**.stinK  in  this  countrv  is  tin*  Kussell  oven.  This 
*>\i*n  carh*iniz**s  ion  t*>  l.oO  Ih.  *if  c*>al  in  a  r**frac- 
t*tr>  *  hamh**r  l‘J  in.  w  i*l**.  MO  in.  lonj;  ainl  Li  in. 


hiKh.'"*  '*■’  l**tlh  walls  ar**  heated  hy  coke-oven  k«*-s 
hurnin>r  in  tlu**s  maintained  at  tem|M*ratur**s  up  to 
li.'iOO  F.  (7  to  S  hrs.  cokiiiK  time).  One  of  the 
walls  is  stationary  ;  the  oth**r  is  mount***!  on  a  car- 
ria^M*  and  is  movahl**.  The  movahle  wall  is  counter- 
halanc**d  to  ov**rconn*  friction,  and  is  conn**ct**d 
throunh  a  l*‘V**r  system  t*)  a  IMOO-lh.  w**i)rht  on  a 
platform  seal**.  The  |)r**ssur**  durinjj  carhoniza¬ 
tion  is  m**asur»*d  hy  w**i>rhinjf  th**  residual  wei^'ht 
at  r**Kular  intervals.  U**pr*Klucihility  *d’  the  t**st 
is  Kivt*n  as  10'.  .  wh«*n  ***)nditions  of  test  are  con¬ 
stant.  Coals  which  **x**rl  mor**  than  2  psi  in  the 
air-*lri***l  conditi*m  an*  consider***!  *lanK*‘r*)Us."'’'* 
This  ov**n  is  als**  us**d  as  a  pil*it  *)V**n  for  the  prep¬ 
aration  of  **.\p**rimental  cok**.s.  WhiU*  tht*  proiK*r- 
ti**.s  *d'  th**  *-ok**s  ditr**r  slightly  fmm  those  pr*i- 
*luc**d  in  **ok**  ovens,  reliahit*  c*>nver.sion  fact*)rs 
an*  availahl**."*'  .-Mxiut  21  Kuss**!!  ov**ns  are  in  us** 
in  this  muiitry,  ami  alxiut  •!  in  f*ir**ivrn  countri**s. 

In  th»*  l'un*au  <d'  .Mines  v**rtical  sl*it  oven,  th** 
:’..oO-lh.  charge  is  carlxmiz***!  in  thin-walle*l  steel 
r**torts  27  in.  wi*le  ami  11  in.  hi^rh  with  a  miminal 
wi*lth  *d'  10  in.  (t**.sts  hav**  b**en  run  at  wulths 
from  <>  t*t  l.M  in.)'"  '"'  Hoth  walls  are  eU'ctric- 
ally  heat***l  acc*)r*lin>f  to  a  pr***l**t**rmin***l  sche*lule. 
.\  pr**ssun*-)ra)f*‘  m****hanism  r**c*ir*ls  the  pr**ssure 
**\**rt***l  hy  a  omstant-volum**  controller  in  pre- 
v**ntinK  mov**m**nt  of  th**  movahl**  wall.  Results  *if 
t**sts'‘’'  imlicat***!  a  iirohahl**  error  *d'  0.1  psi. 
.\  hulk  *l**nsity  of  .70  |K  f  is  n*commen*l**d. 

'I'he  liur**au  *>f  .Mim*s  **\pansi*)n  oven  *)f  17-lh. 
*'harn**  capacity  was  unsatisfactory  un*l**r  h*)th 
fr****  ami  confm***l-top  comliti*>ns  (.Ap|H*n*lix  V.  F, 
p.  11).'  *  Th**ir  m*w**st  *l**\**lopm**nt  is  a  tw*)-wall 
h**at***i  *tv**n  carh*)nizin>r  u))  t*>  loot)  Ihs.  *)f  c*ial.'' 
This  ov**n  is  17  in.  will**  and  heat***l  hy  Cdohars.  A 
practiially  frictionless  movahl**  wall  is  assureil  hy 
susiH*n*linK  th**  wall  from  *)V**rh**a*l. 

.\  Wilputt**  t**stin>r  oven,  IS  in.  wiile  ami  of 
Ii7.">  11).  capacity,  has  h**en  plac***l  in  *)i)**ration  at 
Lorain,  Ohio.-'"' 

The  l’.**thleh**m  ( I’.row  n)  t**st  oven  consists  of  a 
carlMmizin^r  chamh**r  ap)>roximately  10< in.  w  iile, 
2!)  in.  loiijr  and  I  in.  *l****i),  hohliiiK  ahout  lo  Ih.  of 
c*>al."’  '*  'I'he  t**miH*rature  of  the  oven  sole  Hue  is 
maintain***!  at  2o.70  F  hy  a  jras  hurner.  Movement 
of  the  sup**rimpos***l  piston  is  imlicateil  on  ilial 
^ra^r**.s.  T**sts  ar**  run  at  a  constant  pressur**  of 
2.2.7  psi  and  a  hulk  ilensity  of  .7.7  pcf.  Cokinjr  time 
is  1)  to  !)  hrs.  Duiilicat**  t**.sts  shoulil  a^r****  within 
2'..  llrowii  stat**s  that  th**  allowahle  exjiansion 
limit  must  he  set  hy  each  plant  ami  that  the  coke 
ohtaim**!  is  suitahl**  for  proximate  analysis  ami 
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physical  tests.'-  In  this  country,  three  companies 
employ  this  tester  for  all  coals  used  hy  their  coke 
plants.  It  has  also  U'eii  used  In  a  numlnT  t>f  other 
coke  plants  and  hy  the  Canadian  Hureau  of  Mines. 

The  Ifureau  of  Mines  .sole-heate«l  oven  is  similar 
to  the  I’ethlehem  oveti,  except  that  it  is  electrically 
heated  and  carlsmi/.es  a  charKe  ;>  in.  deej).'"'  A 
constant  pressun*  of  2.2  psi  is  exerted  hy  the  pis¬ 
ton,  and  the  chaiiKo  in  volum**  noted  with  a  catheto- 
meter.  CokiiiK  time  is  SC.  hr.  Results  are  calcu¬ 
lated  to  a  standard  charjro  density  of  .5.'). 5  j)cf  or 
to  the  expansion  of  dry,  solid  coal.  On  the  basis 
of  deviations  from  the  mean  for  142  .separate 
tests,  the  prohahle  error  was  calculated  to  Ih“  0.5'. 
on  the  55.5  pcf  hulk  tlensity  basis,  and  O.S'.  on  th*“ 
dry,  .solid-coal  ha.'^is."  '  The  tentative  criterion  for 
danjrorous  coals  is  a  jiositive  expansion  at  a  hulk 
density  of  55.5  pcf. 

In  the  following'  Section  R,  it  may  la*  noted  that 
Plant  I.  uses  criteria  of  .  d",',  to  —  I",  (at  a  hulk 
density  of  52  jhT)  for  their  better  ovens,  and 

lo' ,  exi)atision  for  the  older  ovens. 

The  investijration  of  ct»al  expansion  has  appar¬ 
ently  iK'en  pursued  more  diliKontly  in  the  I’nited 
States  than  in  fondjrn  countries.  Kn^land  has 
recently  installed  its  first  Ru.s.sell  oven.'“  Reliance 
has  been  placed  heretofore  u|atn  lala.ratory  tests 
such  as  the  Koi>|H*rs  A.tl.  swelling  te.st,"'- "*  and 
the  Nedelmann  test.  Also,  the  rise  and  fall  of  a 
plate  on  to|i  of  the  charjre  in  tht-  oven  are  taken 
as  indications  of  expansion  and  contraction. 

In  (lermany,  laboratory-scale  tests  are  also 
u.sed.  11.  Hoppers  (1.  m.  h.  11.  u.ses  the  Hoppers 
small-.scale  tester  referred  to  above  for  control 
purposes.'"'  Interpretation  (d'  the  data  was  aided 
by  comparison  of  the  results  with  those  from  a  . 
medium-scale  and  a  lartr*‘-.scale  test  (presumably 
the  HopiK-rs  1  kjr.  sole-heated  oven  anti  the  two- 
wall  heated  coke  oven),  but  the  use  of  the  larger 
apparatus  has  bt'en  ili.scontinuetl.  The  Ulrich 
y'ajfe'”'  is  neither  widely  useil  nor  hiKhly  regardetl. 
Carl  Otto  and  Company  (1.  m.  b.  II.  uses  the  Hunte- 
P.aum-Hauser  method.  Mainz  and  Schwarzmann'-  ' 
have  (U'seribed  tests  with  the  Hop|)ers  lalsiratory 
apparatus,  and  Us.sar"*"  utilized  the  Imhof  lab- 
oratttry  apparatus.  (lie.seler  carlstnized  charges 
in  a  horizontal  tube  heated  by  two  advancing  an¬ 
nular  furnaces  to  determine  the  expansion  pres¬ 
sure*'  (see  Path  of  (iases.  pajre  2S). 

Amontf  the  Ru.ssian  test  apparatus  may  be  men- 
tioiunl  the  two-wall  oven  of  25  lb.  capacity  used 
by  Hushnirevich."  Krkin  de.scribe<l  an  apparatus 
for  measurement  of  the  lateral  contraction  of  the 


coke  during  the  coking  pnK-e.ss.'"  and  the  meas¬ 
urement  of  vertical  settlinj;  by  notiiiR  the  move¬ 
ment  of  a  metal  disk  on  top  of  the  coke-oven 
chaiRe.  '  The  Sa|K»zhnikov  plastometer.  a  lab¬ 
oratory  expansion  tester,  is  employed  for  control 
purpo.ses.  Coals  are  cla.ssitied  accordiiiR  to  vola¬ 
tile  matter  content  and  plasticity  as  measured  by 
shrinkaRe  of  a  coal-sand  mixture  heated  while  un¬ 
der  the  tiressure  «tf  a  w  tURhted  piston.'' '  "** 

Other  methods  of  test  are  u.sed  in  several  coke 
plants,  but  details  have  not  la-en  publishetl. 

B.  Plant  Practice  and  Oven  Damage  in 
Individual  Plants 

The  available  information  coticernitiR  practices 
in  indi\ulual  plants,  mostly  American,  is  Riven 
below.  AlthouRh  complete  details  are  lackiiiR,  the 
data  show  a  witle  raiiRe  <d’  variation  in  oven  de- 
siRii,  operatiiiR  practice  aiul  interpretation  of  test 
data.  These  are  further  discus.sed  in  the  follow  iiiR 
Section  C. 

Plant  —  On  the  basis  of  their  expt-rience 
over  the  past  25  years  with  cokiiiR  coal  mixtures 
which  exert  wall  pressures  estimated  at  5  to  5  psi. 
the  operators  feel  that  tht*  limitation  of  pressure 
to  2  jisi,  as  advocated  by  Hopja-rs,  tiwd  not  la*  ail- 
heretl  to.  This  plant  carlatnizes  a  mixture  of  :?tl 
to  40'  „  Pcaahontas,  the  remainder  hiRh-volatile,  at 
a  cokiiiR  rate  of  1.15  inches  ja-r  hr.  in  old  Hop- 
|a*rs  batteries.  Batteries  and  many  walls  were  re¬ 
built  in  the  i)ast.  However,  since  controlliiiR  the 
bulk  density  in  the  oven  at  4S  to  41)  pcf  by  addition 
of  water  to  maintain  the  moisture  content  at  5'# , 
no  more  walls  have  had  to  la*  replaced.  Ru.s.sell 
oven  te.sts  showed  pressures  of  7.4  psi  on  the  air- 
dried  coal,  aiid  1.2  psi  at  1.5' .  moisture. 

Plant  R  -  —  This  plant  consi.sts  of  a  battery  of 
old  Hoppers  ovens  carlM)nizinR  a  mixtun*  of  25'. 
Lower  HittanniiiR  and  75'  „  hiRher-volatile,  and  a 
battery  of  Hop|a*rs  Underjet  ovens  on  a  mixtun* 
of  .‘15',  Lower  HittannitiR  and  65'.  hiRh-volatile. 
The  cokiiiR  rate  is  1.05  in.  |a*r  hr.  One  battery  has 
o|a*rat»*d  26  years  with  no  repairs  to  walls.  Bulk 
density  in  ovens  is  48  to  41)  |a’f.  Russell  oven  tests 
showed  pres.sun*s  of  5.5  to  4.1)  psi. 

Plant  U'-' —  Batteries  raiiRe  in  aRe  from  5  to  26 
years,  and  all  are  in  r<mkI  condition.  Coal  mixture 
is  25'  „  Pocahontas  plus  25'  „  Preston  plus  .50' , 
hiRh-volatile,  charRed  at  an  oven  «lensity  of  4!)  pcf 
by  maintainiriR  4.5'.  moi.sture.  CokiiiR  rate  on  old 
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liatt<Tir.4  is  1  O.')  in.,  iitnl  oil  ih»‘  now  hattory  is  l.liu 
in.  |H  r  hr.  Unssi'll  ovon  t<  «ts  .showod  a  pro.ssiiro  of 
I  I  |>si. 

I'lant  I)'-' — <  tf  tho  two  hattcrios  at  this  plant, 
.\'o.  I  hail  U-on  in  sorvico  17  voars.  ami  .N'o.  2  I  I 
soars.  'I'hos  ssoro  forniorly  ois  ratoi)  on  a  niixturo 
of  tu',  I'ppor  KittanniiiK  ami  0<(',  I’lH'ahontas, 
at  a  pnlsori/.ation  of  minus  1  K-in.  Aftor  S 

ami  Ti  soars  of  sorsico,  ros|s'<‘t ivoly,  both  hattorios 
(los'olopod  pushing  trouhlos,  follossod  by  spalliiiK. 
os|asiall.s  on  tho  bottio  brick  omis.  Tho  damaKS' 
ssas  particularly  noticoablo  on  tho  No.  2  battory, 
umloitirod  ssith  blast-furnaco  )fas.  Tho  trmibio 
ssas  osorcomo  by  rodiiciny'  tho  losv-volatilo  coal  to 
and  incroasiiiK  tho  pulsorization  to  Sti'.. 
laitor  tho  oldor  batt**ry  ssas  put  on  a  17'/  losv- 
solatilo  mix.  No.  1  I’.attory  has  had  no  ssalls  ro- 
built,  but  No.  2  has  had  .'>(».  Tho  ovon  hulk  density 
ssas  IH  to  1‘)  pef,  ss  ith  moisturo  maintained  at  *>', . 
'I'he  cokinj;  rate  on  the  older  battery  ssas  1.22  in. 
per  hr.,  and  (».lt7  on  the  nesser.  Russell  oven  te.sts 
on  .No.  1  R.attery  mixture  shosvod  pressures  of  S.b 
psi  on  air-dried  coal,  and  l.tt  psi  at  ♦>'/  moisture. 

IMant  K'-'  —  This  plant  consisted  of  t  svo  Kop|H-rs- 
tspe  batteries  built  27  sears  previously,  and  one 
I’locker-ts  (M-  battery  built  IS  years  previously. 
When  o|M-rated  on  a  mixture  of  1.")',  I.osver  Kittan- 
mnif  and  S.'>' .  Thick  Freeport,  the  ovens  often 
pushed  hard,  but  there  svere  no  stickers.  Increase 
of  the  loss-volatile  coal  to  20',  caustsl  stickers  to 
develop.  The  loss-volatile  Coals  svere  tested  in  a 
inovable-svall  (  Koppers-type )  test  oven,  and  those 
coals  ssere  eliminated  svhose  blends  (20' ,  loss- 
volatile  to  SO',  hiKh-volatilel  develoiK-d  more  than 
2  psi  pressure.  After  this  elimination,  the  loss-vola¬ 
tile  iwrcentaK'*  "ns  increa.sed  to  20',.  ssith  easier 
pushing  than  had  formerls-  been  the  case  ssith 
I.')',  .  I’resent  practice  allosss  a  pressure  of  2  psi 
on  the  moist,  blemled  coal.  The  averaKeoven  svidth 
is  IS  in.,  ssith  a  1 '  •_>  in.  tajH-r.  No  svalls  have  been 
rebuilt,  and  no  spalliiiK  has  iKCin  red,  but  ssalls  are 
iMisved.  part icularls  on  the  Recker-ts  pe  battery. 
t'okin>r  rati'  is  11  in.  iwr  hr. 

I’lant  («'-  —  "This  plant  u.ses  *>.7' ,  losv-volatile 
coal.  K.xpansion  pressures  are  hi^h.  and  the  aver- 
aife  oven  life  is  alsiut  ten  years.  It  has  been  a 
matter  of  economics  at  this  (ilant  to  use  larjre 
amounts  of  loss  volatile  coal  and  obtain  maximum 
coke  yields,  even  at  the  e\|N‘nse  of  a  reduction  in 
battery  life." 


I’lant  H'-' —  The  plant  consisted  of  .‘5  batteries  of 
Kojipers  ovens  built  26  years  previously,  and  a 
Recker  batters  built  1 1  years  previously.  The  Kop- 
pi-rs  oseiis  are  of  17-in.  average  svidth,  and  2'j 
in.  ta|)i‘r.  There  are  six  coal  mixinjr  bins  in  u.se. 
.No  expansion  tests  have  Im'i-ii  made  on  the  hun¬ 
dreds  of  coals  svhich  have  lieen  u.sed.  .An  unknosvn 
coal  is  first  coked  in  can  tests;  if  results  are  favor¬ 
able,  the  coal  is  added  to  the  mix  in  an  amount 
eipial  to  10',  of  the  mix,  and  the  perceiitajre  grad¬ 
ually  increa.sed  to  20.  The  plant  has  not  had  a 
sticker  in  years.  There  have  been  no  oven  fail¬ 
ures,  and  no  patching  has  Iwen  done  except  for 
occasional  spalls  due  to  spray  trouble. 

I’lant  I'-'  —  This  plant  produced  foundrs  coke  on 
a  loiiK  coking  time,  usinj;  a  .■>(»-.')0  mixture  of  hi^h- 
and  loss -volatile  coals.  Serious  trouble  ssas  encoun¬ 
tered  and  the  battery  was  rebuilt. 

I’lant  J'-—  .A  blend  of  60',  hijrh-volatile  and 
10',  loss-volatile  damaKed  the  ovens. 

I’lant  K'-  —  This  plant  consisted  of  a  battery  of 
Ko|)pers  ovens  1:5  ft.  in  heiyrht.  built  6  years  pre¬ 
viously,  and  older  batteries  12  ft.  and  Rt  ft.  in 
heijrht.  The  blend  containeil  21',  losv-volatile,  and 
shosved  an  expansion  pre.ssure  of  .'I.,')  psi  at  a  bulk 
density  of  ,')2.7  i»cf  in  the  Kus.sell  oven.  After  six 
months  of  operation,  the  nesv  battery  develoiied 
spalling  on  the  coke  side  betsveen  the  .second  and 
third  Hues,  although  there  svere  no  stickers.  The 
coal  bletid  u.sed  on  this  batters  had  bei'n  satisfac¬ 
tory  on  the  older,  losver  ovens.  After  the  elimina¬ 
tion  of  coal  from  one  mine,  spallinK  "as  markedly 
decreased.  ‘ 

Plant  I,'- —  Hijrhly  expandinn  coals  in  amounts 
up  to  .'>(»',  of  the  blend  svere  u.sed  in  the  production 
of  foundry  coke  on  a  Ioiir  coking  time.  At  the 
slosser  cokiiiK  rate,  no  svall  damajre  ssas  noted.  To 
avoid  blends  causinjr  stickers,  it  ssas  found  neces¬ 
sary  to  determine  actual  coal  expansion  ssith  a 
moditieil  Rethlehem  tester.  Satisfactory  blends 
varied  from  2' ,  expansion  to  1' ,  contraction.  Old 
ovens  u.sed  for  domestic  coke  require  a  mixture 
shosvinjr  1(1',  contraction,  due  to  irrejtularities  in 
the  ssalls. 

I’lant  M'-'  —  For  2'  j  years  a  blend  of  2.'>' ,  Poca¬ 
hontas  No.  2  and  6.A' ,  F.lkhorn  had  lieen  carbon¬ 
ized,  the  blend  developing  an  exiiansion  pre.ssure 
of  2.4  psi  in  the  Ru.ssell  oven.  During  this  iH*riod 
there  ssas  no  spallinjr,  but  some  brick  deformation 
occurred  on  the  tir.st  rosv  of  liners  at  Imth  the 
coke  and  pusher  sides  of  the  batteries,  betsveen 
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thf  (lixir  liiur  hrick  aiul  thf  wall  liiitTs,  from  .‘I  to 
6  ft.  aliovt*  ovt‘ii  ll(H)r.  lm'ri‘a.>ie  of  tht*  IVa'ahontas 
to  .’Ifi'.  for  IS  (lays  laii.stsl  hard  Ilushin^r,  many 
"pull-liai  ks",  and  some  .sti(.kfrs.  Tho  trouhU*  wa.'^ 
worse  on  the  batteries  with  2  in.  taper  than  on 
tho.xe  with  2'-..  in.  taper.  Oven  bulk  density  was 
IS.;’  pef.  and  Hue  tem|H-rature  2'AG:\  F  at  air  port. 

Plant  N"'  —  This  Kntflish  plant.  usiiiK  eom- 
pres.sed  charges  of  low-ash  coal,  suffered  severe 
wall  damaKe  from  expanding  coals.  After  adopt¬ 
ing'  the  Kopja-rs  laboratory  tester  for  control  pur¬ 
poses,  it  was  found  that  chai'Kes  should  l>e  limited 
to  ati  expansiot)  of  less  than  1.0'.  and  a  final  con¬ 
traction  of  more  than  .■>.7',  at  a  bulk  density  of 
b.-j  pef.  Measurements  of  the  rise  and  fall  of  a 
plate  on  top  of  the  charjre  in  the  oven  were  also 
made.  The  limits  set  for  the  older  ovens  were  2.:{' . 
maximum  expansion  and  2'.  minimum  contrac¬ 
tion:  for  the  newer  ovens.  1.2  and  1.5',,  res|H'c- 
tively. 

Plant  ()'■  —  The  expansion  pro|H‘rties  of  coals 
are  measured  by  heatiiiK  about  three  pounds  of 
coal  in  a  sheet-iron  1k)x,  the  charjre  Indiijr  covered 
with  a  plate  weiKhin)f  ten  jKninds.  Observations 
are  made  t(»  determine  whether  the  plate  is  rai.sed 
or  lowered  during  heating'. 

('(»mpany  P —  Both  the  Brown  and  Russell  test 
ovens  are  used  in  selecting  coals  for  carlsini/.ation 
in  the  various  jdants.  The  criteria  for  the  Brown 
tester  vary  from  1)  to  5',  contraction,  dependinjr 
upon  the  w  idth  of  oven  and  cokitiK  rate  to  l>e  used. 

C.  Interpretation  of  Expansion  Test  Data 

Consideration  of  the  plant  data  Riven  above 
shows  that  many  plants  successfully  operate  on 
coal  blends  which  Rive  expansion  i)res.sures  con¬ 
siderably  above  the  recommended  limit  of  2  psi, 
with  no  apparent  deleterious  consequences,  such 
as  spalliiiR  and  stickers.  The  interpretation  of  ex¬ 
pansion  test  data  has  lK*en  a  controversial  subject 
in  the  coke  oven  industry,  and  some  clarification 
is  needed.  No  claims  are  found  in  the  literature 
that  any  of  the  te.st  methods  in  u.se  exactly  dupli¬ 
cate  the  pressures  exerted  in  a  coke  oven.  The 
limited  data  which  have  been  obtained  by  direct 
measurement  of  expansion  pressures  in  plant- 
.scale  ovens  show  that  the.se  jjressures  are  of  the 
same  order  of  maRiiitude  as  the  pressures  meas¬ 
ured  in  larRe-.scale  test  ovens  heated  from  two 
sides.  As  an  exam|)le,  the  Ulrich  RaRe  showed 
pressures  of  from  1.11  to  2.:i  psi  in  commercial 


ovens,"*'  while  tests  in  the  Russell  oven  on  air- 
dried  samples  of  blends  commoidy  u.sed  in  coke 
ovens  showed  pre.ssures  of  alKtut  1.5  psi  at  bulk 
densities  usually  5:i  t(»  54  |»cf."‘‘  (These  pressures 
may  Ik*  compared  with  tho.se  of  repre.seiitative 
charRes  in  the  Bureau  of  .Mines  vertical  slot  oven, 
shown  in  Table  X.  paRe  54). 

On  the  basis  of  their  experiences  with  a  larRe 
numiK*r  of  coals,  the  Kopjers  Company  has  stated 
that  any  air-dried  coal  or  mixture  which  produces 
more  than  2  psi  when  tested  in  the  movable  wall 
oven  by  the  pre.scrilK*d  pnaedure  is  daiiRerous  to 
u.se  in  coke  ovens.’"  The  limit  is  jdaced  at  1.5  psi 
for  ovens  more  than  10  ft.  in  heiRht.  The.se  clearly- 
defined  limits  are  the  oidy  clear-cut  criteria  which 
are  known  to  have  lH*en  proposed,  and  conse- 
(juently  are  of  Rreat  value  to  the  indu.stry. 

The  plants  owned  by  Koppers  are  all  operated 
on  blends  which  develop  a  maximum  pre.ssure  of 
1.5  psi  or  less.  Some  of  their  batteries  have  o|K*r- 
ated  for  as  Ioiir  as  *27  years,  and  no  major  brick  re- 
liniiiR  has  been  neies.sary.'- 

Kop|H*r.s’  expansion  pressure  limitation  was 
based  larRely  on  observati(»n  of  oven  damaRe  in 
three  plants,  from  five  to  nine  years  old.  All  thr**** 
plants  developed  s|(allinR  of  the  (»ven  walls,  hard 
pushiiiR,  and  stickers,  in  one  battery,  this  trouble 
resulted  in  such  complete  failure  that  it  had  to  Ik* 
rebuilt.  InvestiRation  of  th**  coal  charRes  showed 
that  they  develoiK*d  pressures  of  from  2  to  2.5  |)si. 
Further  evid(*nc(*  was  found  in  the  ex|H*ri«*nce  of 
two  other  plants  which  develoiK*d  spalliiiR,  but  no 
hard  pushiiiR  or  .stickers.  In  ladh  j)lant.s  the  coal 
mixture  was  chaiiRed  in  conformance  with  expan¬ 
sion-pressure  limits,  and  no  further  spalliiiR  was 
noted. 

A  study  of  oiK*ratinR  conditions  at  the  iilants 
usiiiR  charRes  with  expansion  pressures  above  the 
limits  s|K*cified  will  show  the  presence  of  mitiRat- 
iiiR  factors.  For  example.  I’lant  A  controlled  the 
moisture  and  bulk  density  by  sprayiiiR  water  on 
the  coal,  thus  maintainiiiR  5' .  moisture  in  the  coal, 
as  determin(*d  by  hourly  d»*terminations.  Plants 
B  and  ('  also  maintain  low  bulk  densities  by  spray- 
iiiR  water  on  the  coal,  althouRh  the  additions  are 
not  controlled  by  frequent  moisture  determina¬ 
tions.  At  Plant  1).  an  exceptionally  hiRh  moisture 
content  of  b'.  is  maintained  by  the  u.se  of  a  wet- 
washed  low-volatile  coal  of  approximately  8' , 
moi.sture.  The  uniform  heatiiiR  obtained  by  under- 
firiiiR  with  blast-furnace  Ras  aiqieared  to  accen¬ 
tuate  the  wall  damaRe.  'I  he  1  • in.  ta|K*r  of  the 
ovens  in  Plant  K  would  tend  to  cause  pushiiiR  dif- 
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lu'ull ifs.  I’liiiit  (I  Iv  i'<  tisidcr.s  it  pnitit- 

iil'lf  to  siiititiii  f<i)tTU'  (ivfti-wali  flartiajfv  in 
to  ihtain  niaxiniiirn  coKr  I'riHliutioii  and  tin-  cok<- 
|iio|»  rtics  atti  iidinv-'  tin-  list-  of  a  lilond  containing' 
l<iw-volatili-  loal  In  I'lant  II.  the  limitation 
of  an>  one  c  oal  to  ‘Jo- ,  of  1  h«-  lll^■nd,  and  t  h«-  mixing 
with  li\o  otln  r  coals  apiMars  to  neutralize  the  ex- 
liaiidinv'  elTect  of  th»-  coals  received.  The  experi¬ 
ence  of  I’lant  K  indicates  that  hivrher  ovens  a^'- 
irtiivatc-  the  damav'e  from  ex|>ansion.  It  will  he 
noted  that  I’lant  L  is  on  a  lon^'  coking  time.  .At 
I’lant  .M,  till'  li' in.  tais  r  was  foimd  to  he  more 
satisfactor.v  than  ttie  2  in. 

|•'|•om  the  above  examples,  it  is  reasonahle  to 
assume  that  t he  coiidit ions  pec  uliar  to  the  indiv  ici- 
nal  plants  ma.v  olTset  thc‘  c-xcc-ssivc-  pre-ssnres 
shown  hv  expansion  tests.  The-  cases  cited  do  nett 
include  all  factors  to  !>.•  considered  in  applyinv' 
the  2  psi  limit.  .A  more  complete  listing'  vvoiild 
include : 

1)  The  hulk  deiisitv  of  the  charge  in  the-  ovc-n. 
and  the-  limits  of  its  control. 

2)  Limit  id'  acciiracv  in  making  up  coal  hleiids. 

:'.t  Ihmeiisions  of  oven  es|H  c  iallv  width,  heu^'ht. 

and  ta|>er. 

1)  I’reseiit  condition  ed'  ovens. 

.->»  <»ver-all  line  tempe-ratnre  and  limits  of  con¬ 
trol;  tem|>erat lire  dilTerential  in  tines. 

(i)  I’nshiiiK  series,  and  how  closely  it  is  followed. 

7 1  Lxpi-cted  V  arialiilit  v  of  expansion  pre-ssure 
in  coals. 

It  is  evident  that  then  an- certain  reservations 
which  must  he'  applied  to  a  detinite  allovvahle  max¬ 
imum  pressure  ohtained  hv  a  test  method.  Kop- 
pers’  limits  were  presiimahlv  set  u|i  for  ordinary 
o|M'ratin^'  conditions  in  ordinarv  plants,  makinvr 
due  allowance  for  a  factor  of  safetv  .  Kxceedinjr 
of  the  limits  may  he  considered  if  it  is  detinitely 
known  that  the  peculiar  features  of  an  individual 
plant  or  method  of  oiH'ratioii  will  restrict  the  ex¬ 
pansion  pressure  III  the  Coke  oven  to  a  safe  tivriire. 

V.  Influence  of  Variable  Carbonizing 
Conditions  Upon  Expansion 

The  factors  atTec  tinp  expansion  mav  he  classified 
as:  1)  those  dependent  upon  the  conditions  under 
which  the  coal  is  carhoiiized;  ami  2)  those  due  to 
tlie  constitution  (hoth  chemical  and  iihysical)  of 
t  he  coal  it. sell . 

The  factors  id'  the  second  vri'iuip  can  he  properlv 
evaluated  from  the  hetero^'eiieous  data  availahle 


only  wh<  n  the  inlluences  id'  the  physical  condition 
of  the  coal  and  carhoniziiiK  conditions  are  consid¬ 
ered.  in  the  following  discussion  the  attempt  is 
made  to  assess  the  relative  influences  of  the  factors 
alTectinvr  the  expansion  of  coal. 


A.  Bulk  Density 

I’he  relationship  hetvveen  maximum  expansion 
pressure  and  hulk  density  was  exjiressed  hv  the 
lliireaii  of  .Mines  hy  plidtiiiK  the  lo^'  of  the  pressure 
vs.  the  lojr  of  the  fraction  of  the  charjre  volume 
occupied  hv  solid  coal.  The  latter  term  eipials 
the  hulk  density  div  ided  hy  the  true  densit v .  For 
two  series  of  tests  on  dilTereiit  coals,  the  data  wa-re 
aiiproximated  hy  straijrht  and  iiearlv  parallel  lines. 

Tile  data  plotted  in  Fiir.  12  (also  Fiji.  •‘•1.  p.  K)) 
show  that  the  relationship  may  he  expressed  more 
simplv  hv  plotting.'  the  loj;  of  ttu'  exjiansion  pres¬ 
sure  vs.  the  hulk  density.  Kach  series  of  results 
is  aiiproximated  hv  a  line  of  the  sloix*  shown.  0.1  (I. 


Fig.  12. — Effect  of  Bulk  Density  on  Expansion 
Pressure  In  Russell  Oven 


This  relationship  is  valid  whether  the  hulk  den¬ 
sity  is  varied  hy  ad.nistiiiK  the  moisture  or  pulver¬ 
ization  of  the  charjre.  or  hy  mechanical  compres¬ 
sion.  While  some  of  the  deviations  from  the  ireii- 
eral  .sIo|H'  may  he  real,  it  must  also  he  recognized 
that  they  are  at  least  partly  due  to  exiH-rimental 
error.  Difticulties  are  likely  to  he  encountered  in 
the  preparation  of  identical  .samples,  maintaining 


EXPANSION  BEHAVIOR  OF  COAL  DURIN3  CARBONIZATION 


st;tiuliinl  coiKiitiiiiis  iluriiijr  the  oxiwiiision 
and  m»‘asurin>r  the  hulk  density  of  the  charge.  This 
exi>eriniental  error  in  a  lar>?e  [Mtrtion  of  the  jnib- 
lished  literature  diH*s  not  jwrmit  close  correlation 
of  expansion  data,  hut  with  sutlicient  data  it  is 
|)ossihle  to  show  hroad  t  lands. 

The  relationship  between  the  xolunu'  expansion 
in  a  sole-heated  oven  and  the  hulk  density  may 
he  expressed  by  a  simple  eipiation.  It  has  heei\  oh- 
ser\ed  that  the  calculate*!  expansion  of  the  dry. 
solid  coal  was  substantially  constant  at  \aryin>r 
bulk  densities.'-  The  dry.  solid-coal  expansion 
was  calculat***!  from  the  follow  iny^  tapiation: 


1  SG 

L- 


Ej  dry,  solid  cool  expansion,  °o 
E*  volume  expansion  at  test  bulk  density,  ®o 
SG  true  specific  gravity 
BD  test  bulk  density  (dry),  pcf 

The  sliyrht  ih-viations  of  exiHuimeiital  results 
fnim  the  above  e<|uation  wen*  ascrilK-d  to  chanyes 
in  the  rate  of  h*‘atiny  caus*‘d  by  lary*‘  difft-rences 
in  bulk  density,  even  at  constant  Hue  temiH-ratur»'s. 

From  th*‘  abov»-  expression  the  follow iny  e<4Ua- 
tion  was  deriv*‘d  for  calculatifui  of  expansion  r**- 
sults  to  a  standard  bulk  density  (now  a.S  a  jicf) : 

Ex  =  ^  (  100  .  E,  1  too 

E;^  volume  expansion  at  W*  bulk  density,  “o 

Ef  volume  expansion  at  W(  bulk  density,  ”0 

standard  bulk  density,  pcf 
Wf  test  bulk  density,  pcf 

.A  similar  expression  sohfd  for  K,  shows  that 
the  iKMC*‘nt  expansion  is  a  dir*‘ct  futiction  of  the 
bulk  density. 

Of  the  many  factors  which  atr*-ct  the  bulk  den¬ 
sity  of  the  coal  chary*-  in  place  iti  the  oven.'"  oidy 
th*‘  more  siyniticant  w  ill  be  discus.s***!  here.  I’rac- 
tic;ally  all  exiH*rim*-ntal  data  hav*-  b*‘**n  obtain*-*! 
with  small-.scaU-  testiny  m*-th<Kis.  w  here  conditiotis 
are  far  ditT*-r*-nt  from  those  pr*-vailiny  in  larye- 
.scaU-  operation.  The  r*-lationships  pr*-.s«‘tite<i  Ity 
th*-  Bureau  of  .Mities  l)*-tw*-en  Itulk  d*-nsities  Ity 
thr*-e  testiny  metluKls  and  av*-raye  d*-nsities  in 
c*ikt-  ovens  are  show  n  in  Fiy.  IH.  The  <irop|)*-*l-<-oal 
methiKl  yav**  results  cl*is«-ly  approximatiny  those 
obs*-rv*-d  in  practice.  F’oth  the  ASTM  and  Kop- 
pers-con*-  m*-th*Hls  yave  lower  Itulk  densities  than 


tho.se  oltserv*-*!  in  c*ik*-  *i\ens  ainl  exayyerat*-*!  the 
inrtuence  of  nutistur*-;  it  is  pnilialtle  that  th*-  in¬ 
fluence  *if  *tther  \arialtles  w*tuld  als«t  U-  exayy«-r- 
at*-d.  H*tw*-\*-r.  th«-  trends  f<tr  th*-  vari«tus  \ari- 
altl*-s  sh*twn  by  the.se  tw*t  m*-th*Mls  *tf  test  shttuld 
!h*  indicative  itf  th*-  chanyes  which  w*tul*i  *Kcur  in 
practic*-. 


total  moisture. % 

Fig.  13. — Comparison  Between  Bulb  Den¬ 
sities  in  Full-Scale  Ovens  and  Those  Deter¬ 
mined  by  Three  Methods  of  Testing'* 

I.  .Size  Consist.  Bntuyh  inv*-.stiyat<-d  th*-  *-f- 
f*-cts  *tf  difr*-r*-nt  tyjK-s  itf  yrindiny  *-*|uipm*-nt, 
n-lative  particU-  size,  and  size  distriliutittn  uiKtn 
the  .AST.M  Itulk  density  <tf  air-dri*-d  cital.  '  Th*- 
.scr*-*-n  analys«-s  *if  22  samples  were  r*-pr«-s*-nt*-d 
with  fair  accuracy  Ity  param*-t«-r.s  *tf  B*-nnett’s 
modificatiitn'-  <tf  the  K*tsin  Kammler  *-*iuati*tn: 


cumulative  percentage  by  weight  of 

material  larger  than  x 

base  of  natural  logarithms 

size  of  particle,  mean  projected  diameter 

absolute  size  constant 

distribution  constant  , 
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Fiq.  14. — Typical  Screen  Teitj  on  Rosin-Rammler  Co-ordinates’’ 

/otMi  h\  tftttii.,  .'f  HutfilU  t‘l 

r,\  pical  .siTcfii  plotted  on  Knsiii-liamndiT 

I'onnliiiate.s  are  shossii  in  11. 

riie  re.snlt.s,  .•iurnniarizeil  in  KivT.  15,  show  that 
a  rather  narrow  ran^re  of  hnlk  densities  was  oh- 
tained  with  each  type  of  y'rindinK  erpiipnient.  The 
hulk  densities  of  the  2<>  samples  of  lai’Ker  particle 
size  (from  5:’.  to  PT'.  minus  ' -i  in.)  could  he  cor¬ 
related  with  th«-  size  distrihution  parameter  *‘n’', 
no  t  rend  heiny'  e\  ideiit  for  part  icle  size  or  dilTerinjr 
l>artiile  sha|K's.  l-'or  the  ranyre  of  sizes  siK'cified. 
which  includes  the  puUr'iizations  ordinarily  used 
in  praitice.  it  is  apparent  that  size  distrihution  is 
the  dominant  factor  y,,v,Ttiin^  the  hulk  dmisity 
of  an  (lrie«l  coal. 

'I'he  unusually  low  hulk  riensities  exhihitetl  hy 
the  two  linelv  puherized  sam|iles  shows  that  in 
this  ranvre  of  particle  size  the  ahsolute  size  is  the 
dominant  factor.  This  «le|H‘ndence  of  hulk  den¬ 
sity  uiHin  particle  size  is  in  accordance  with  the 
tindiny's  of  Roller. who  showed  that  jiarticle  size 
was  of  no  significance  in  the  hulking:  of  iniwtlers 
until  the  size  was  reduced  to  a  “critical  diameter." 

The  low  hulk  densities  of  tine  iniwders  have  heen 
attributed  to  electrostatic  forces  and  to  the  hijrh 


Fig.  15. — Effect  of  Size  Distribution  on  Bulk 
Density  of  Air-Dried  Coal'*’ 

internal  friction  caused  hy  the  larjre  mimher  of 
isiints  of  contact. 

2.  .Moi.sture  Content,  .-\ddition  of  water  to 
twelve  of  the  .samiiles"  discussed  above  jfave  the 
results  shown  in  Ki>rs.  10.  17  aiul  IS.  Fi>r.  10  reji- 
resents  sami)U*s  of  moderate  size  variation  at  sub¬ 
stantially  con.staiit  siz»‘  distrihution;  Fijr.  IT.  small 
size  variations  with  larjre  variations  in  size  dis¬ 
tribution;  and  Fijf.  IS,  larjre  size  variations  over 
a  small  ranjre  of  size  distrihution.  Since  the  most 
consistent  spread  of  data  was  exhibited  hy  Fi^.  IS, 
it  was  indicated  that  the  minimum  hulk  density, 
and  moisture  contmit  at  minimum  hulk  density, 
were  larKely  a  function  of  the  particle  size.  IMot- 
tinvr  of  the  minimum  hulk  densities  of  all  the  sam- 
|)les  vs.  the  particle  size  (Fijr.  1!))  showed  the  clo.se 
relationship  between  these  two  riuantities,  from 
which  it  was  inferred  that  surface  area  was  the 
siyMiiticant  factor.  Calculation  of  the  moisture  per 
unit  of  calculated  surface  area  enabled  the  rela¬ 
tionships  shown  in  Fijr.  20  to  he  made.  .All  .samples 
reached  a  minimum  hulk  density  at  about  O.KT*'; 
moi.sture  jmt  surface  factor.  The  tentative  inter- 
jiretation  of  this  behavior  is  that  the  frictional  re- 
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Fig.  16. — Effect  of  Moisture  on  Bulk  Density*^* 

si.staiices  between  particle.s  reach  a  maximum  at 
this  concentration  of  moisture  on  the  surfaces  of 
the  particles. 

The  work  cited  indicates  that,  in  practical  size 
ranges,  the  particle  .size  distribution  Koverns  the 
bulk  density  of  dry  coal,  the  wider  spreads  of 
sizes  trivinjr  the  hijrher  bulk  densities.  Because 


Fig.  18. — Effect  of  Moisture  on  Bulk  Density'^’ 

of  its  relationship  to  surface  area,  particle  size  is 
of  siKtiificance  to  the  bulk  densities  of  wet  coals. 
The  smaller  the  particle  size,  the  lower  the  min¬ 
imum  bulk  density,  and  the  jrn*ater  the  moisture 
content  at  minimum  bulk  density. 


iflinciiiBBai 


mm 

mi 


Fig.  17. — Effect  of  Moisture  on  Bulk  Density'*^ 


AeSOLUTE  SIZE  COMST*NT(i  ),iniii 

Fig.  19. — Effect  of  Perticle  Size  on  Minimum  Bulk 
Density  of  Wet  CoaP’ 
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MOiSTUBt/SUBf ACt  TACTOS 

Fiq.  20. — Variafion  of  Bulk  Density  with  Moisture 
per  Unit  of  Surface  Area” 

.{.  MiM'elhtneou>  Additions  and  Treatments.  The 
elTeet  of  small  additions  of  oil  uimmi  tnilk  density 
has  been  (lemonstrat«‘(i  hy  Kamshui)?  and  Metlurl 
( -1).  "I'he  oil  (lei  reased  th*‘  hulk  density  of 
dry  j'oal,  and  inereased  that  of  wet  coal,  thus  re- 
ilueiny'  the  sariations  in  hulk  densits  due  to  mois¬ 
ture  lluetuations.  .Similar  results  have  heen  ob¬ 
tained  hy  other  investigators.'  The  e<iual- 

i/.iiiK  etfeet  of  oil  is  of  ^M'eat  valin-  to  eonsistent 
eoke  o\en  oiH-ration  where  \aryin^r  nioisture  eon- 
tents  are  encountereil  in  the  eoal  iis  r«'eeived  or  as 
reelaimed  from  storayo-. 

.Automatie  devices  are  available  for  re^rulatin)r 
the  Ilow  of  oil.  or  water  if  nec<‘ssary,  for  main¬ 
taining'  any  desinil  hulk  density.  The  device  de- 
scrihed  h\  van  .\ckeren'  automatically  determines 
the  hulk  deiisit.v  and  arijusts  the  tlovv  of  oil  or 
water  accordittydy. 

It  would  he  exiH-cteil  that  wetting  aK'eitts  vvouhl 
produce  ati  effect  similar  to  oil.  ilowt-ver,  •■xiK“ri- 
ments  with  agents  of  this  kiml  have  shown  that 
they  do  not  exert  any  sivrniticant  or  consistent  in- 
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lluence,  and  definite  conclusions  cannot  be  drawn 
from  their  iH'havior.*"  '*' 

ChatiKcs  in  the  physical  state  of  the  water  have 
imiMirtant  effects  u|M>n  the  bulk  density.  Russian 
investigators'  rejsirt  the  following  results  from 
tests  made  on  normal  and  frozen  coals; 

Temp.  C  Bulk  Density,  pcf 


20-24 

39.6 

0 

47.4 

-9 

48.6 

Myjrroscopic  a^eiits,  such  as  lime,  to  the  amount 
of  1  to  2'.,  increase  bulk  density  by  8  to  12'..' 
Starch  is  also  effective. 

t.  CharKinK  Conditions.  The  effect  of  heijrht 
of  fall  uixtn  bulk  density  is  shown  in  Fijr.  22.  In¬ 
creases  in  drop  heiKht  always  resulted  in  increases 
in  bulk  density.  This  jtrinciple  is  utilized  in  a  tier- 
man  char>rint'  machine""  which  allows  the  coal  to 
fall  1.")  ft.  from  a  hop|H'r  throujjh  ^ruidin^r  slots  into 
the  oven,  jtivinK  a  bulk  density  IT)',  jrreater  than 
normal.  A  free  fall  of  2.')  ft.  Kave  a  25' ,  increa.se. 

That  the  bulk  densities  throughout  an  oven  are 
not  uniform  has  lH*en  shown  hy  Kop|H*rs  an<l  Jenk- 
ner."  .Maximum  bulk  densities  were  found  near 
the  .sole,  and  the  next  highest  under  the  charging 
holes,  particularly  on  the  coke  side.  The  latter 
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Fig.  22. — Effect  of  Height  of  Fall  on 
Bulk  Density'*’ 


tieii.sities  wort-  (leiK  iaU-iit  uiion  the  of  the  level¬ 
ling  liar,  number  of  passe.s,  and  the  amount  of  coal 
charged.  The  retrions  of  maximum  bulk  density 
correspond  with  the  reRions  of  initial  wall  failure. 

Mineral  .Matter  Content.  The  effect  of  min¬ 
eral  matter  u|)on  bulk  density  may  1h*  judRed  from 
the  data  plotted  in  FiR.  28.  p.  45,  which  shows  bulk 
densities  in  the  ISureaii  of  .Mines  slot  oven.  The 
two  exceptionally  low  points  in  this  Rra]ih  are  due 
to  the  addition  of  water.  The  s1o|M‘  of  the  averaRe 
line  shown  corresponds  to  the  Renerally  accepted 
variation  ol  .old  in  specific  Rravity  jier  1";,  dif¬ 
ference  in  ash. 

B.  Particle  Size 

Aside  from  the  effect  of  particle  size  upon  bulk 
ilensity,  some  data  is  available  concerniiiR  the  in¬ 
fluence  upon  expansion  of  iiarticle  size  itself.  Meas¬ 
urement  of  the  expansion  pressures  of  a  coal  blend 


at  varyiiiR  pulverizations  indicatcHi  that  hner 
verization  leads  tti  decrea.seil  pressures.'-  However, 
when  the  pre.ssures  are  calculated  to  a  standard 
bulk  density,  the  apparent  effect  of  finer  [lulveriza- 
tion  is  to  sliRhtly  increa.se  the  calculated  maximum 
expansion  pressure: 

Eipanslon  Pressure,  psi 


-  '/s  !"• 

Bulk  Density 

•lest 

Calc,  to  B.D.  of  54 1 

60.2 

55.4 

4.8 

3.5 

83.5 

53.7 

4.2 

4.5 

92.6 

52.5 

3.7 

5.2 

That  the  effect  of  particle  size  is  rather  small 
may  also  be  inferred  from  the  Pontypridd  te.sts."* 
•■MthouRh  these  tests  were  run  at  coal  pulveriza¬ 
tions  raiiRiiiR  from  6  to  IP',  minus  in.,  no 
consistent  chaiiRe  in  pre.ssures  with  pulverization 
could  la*  noted. 

Volume  expansion  is  sliRhtly  increa.sed  by  finer 
pulverization.  From  .'H  results  obtained  with  the 
sole-heated  oven,  NaiiRle' calculated  that  a  Id', 
increase  in  pulverization  (',  minus  l-mesh)  in¬ 
crea.sed  the  dry,  solid-coal  expansion  2‘'i.. 


1400  I^OO  Itoo  2000  2200  2400  2«00  2000 
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Fig.  23. — Effect  of  Rate  of  Heating  on  Expansion 
Pressure 
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Fig.  24. — EHect  of  Rate  of  Heating  on  Volume 
Eipantion" 

C.  Rate  of  Heating 

'I’Ih'  «‘fT*‘(  t  Ilf  rati-  of  hi-afiiiK.  «»■'<  ri-pri-.'H-ntfil  l»y 
lliif  ti-tnpi'iHturi',  iipiMi  maximum  uxpau.'iiim  prus- 
.Hiin-  i.H  .shiiwii  ill  Ki^-  -'L  Similar  ohni-rvations  on 
voliimi-  ^•xpallsion  at  varimi.'*  rato.s  of  hi-atinjr  in 
thi‘  pla.stir  ran^r^•  an-  .xhown  in  Kijf.  21. 

In  Kmii-ral,  iiu  ri-a.sos  in  thr  rati*  of  hi-atiiiK  l**'i  to 
hiK'hi-r  i‘Xpan.'<ion  prissuri*.'!  or  larKur  volumt*  t*x- 
pan.sion.s.  Ho\M*vi*r,  thon*  an*  other  data'"  whieh 
inilieate  that  peak  expansion  pre.ssiires  attain  a 
maximum  at  alioiit  2.‘5nn  K.  In  explanation  of  the 
meoiisistent  elTeet  of  rate  of  heating,  it  should  In* 
pointed  out  that  all  coals  do  not  react  in  the  same 
manner,  since  comiilex  chan>fes  are  involved.  Fast¬ 
er  rates  of  heatinjf  would  ohviously  increa.se  the 
rate  of  ;ras  evolution,  \\  Inch  would  tend  to  increa.se 
expansion  pressure.  On  the  other  hand,  the  thick¬ 
ness  of  the  plastic  layers  would  he  decreased,  and 
the  tluidity  would  Im*  increa.sed,  both  of  which 
would  tend  to  decrease  expansion  iiressure. 

D.  Oven  Width 

'The  results  of  thris*  .series  of  tests  concerning 
this  variable  are  shown  in  Kijr-  2r>.  This  (and 
other)  evidence  indicatis  that  the  exiiansion  pres- 
.■>ures  of  the  more  highly -exjiandinn  coals  decrease 
as  the  oven  width  is  increased  from  (1  to  10  or  12 
inches.  For  widths  of  more  than  12  inches,  the 
evidence  is  not  .so  clear.  Of  five  coals  tested  in  the 
I’ontv  (iridd  oven  at  12  and  10 in.  oven  w  idths, 
one  coal  dl‘l•rea.sed.  one  was  neutral,  and  three  in¬ 
creased  in  pressure  at  the  wider  width.'" 

In  coniuvtion  with  o\en  width,  the  behavior  of 
very  thin  layers  of  coal  should  Ik*  mentioned.  Tay¬ 
lor  carboni/.ed  eivrht  coals  in  an  ajiparatus  which 


Fig.  25. — Effect  of  Oven  Width  on  Expansion 
Pressure 

u.sed  a  charge  only  2  mm.  in  thickness.'”'*  The 
charjfi*  was  contained  in  a  cylindrical  tube,  which 
contained  a  piston  restinn  on  the  top  surface  of 
the  coal.  The  volume  of  the  charjre  was  ke|)t  con¬ 
stant  by  addiiiK  weijfhts  to  a  platform  atop  the 
jiiston  rod  during  carbonization.  Ports  for  the 
e.scajie  of  jjas  were  jirovided  by  the  |H*rforated  bot¬ 
tom  of  the  retort.  Althoujrh  none  of  the  coals  tested 
had  lK*en  ob.served  to  damage  oven  walls,  five  of 
them  develo|H*d  pressures  of  more  than  100  psi. 

The  explanation  for  the  non-consistent  efTect 
of  chaiiKes  in  width  of  the  carbonization  chamber 
upon  expansion  pressure  is  probably  to  lx*  found 
in  the  relationship  between  rate  of  heatiiiK,  dis- 
cus.sed  above,  and  oven  width  (the  coking  time 
has  lH*en  found  to  vary  ajiproximately  with  the 
1.8  jMtwer  of  the  oven  width'"”").  With  wider  ov¬ 
ens,  less  heat  woulii  be  transferred  to  the  middle 
of  the  charge  at  the  time  of  meeting  of  the  plastic 
layers,  because  of  the  resistances  impo.sed  by  the 
loiiK  coke  pieces.  From  the  discu.ssion  in  the  pre- 
cedinjf  section,  this  lowered  rate  of  heating  may 
either  decrease  or  increase  the  jiressure,  deiH*nd- 
iiiK  u|K»n  the  relative  intluences  of  the  other  fac¬ 
tors  mentioned. 

E.  Heating  Conditions 

In  E’ijr.  2H  are  shown  the  results  of  two  investi¬ 
gations  concerned  with  the  effect  uiMin  expansion 
luessure  of  heating  one  wall  or  two  opposite  walls. 
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To  attain  comparahU*  larlntnizinK  tinu-s.  the  witith 
of  the  coal  layers  for  the  one-wall  tests  was  re¬ 
duced  to  one-half  that  for  the  tw()-wall  tests,  in 
l)oth  cases.  In  the  Kus.sell-oven  test,  there  was 
probably  some  conduction  of  heat  from  the  refrac¬ 
tory  end-wall  and  dtK)r.  In  the  Bureau  of  Mines 
test,  conduction  from  the  end-walls  was  minimized 
by  the  use  of  reversible  insulatinjf  slabs,  the  cold 
sides  of  which  were  turnetl  inward  just  Iwfore  the 
charjfe  was  in.serted.  This  difference  in  procedure 
may  |H)ssibly  explain  why  a  greater  difference  in 
r»-sults  for  the  two  methods  of  heating  was  shown 
by  the  Bureau  tests  than  by  the  similar  Kusstdl 
tests.  In  lM>th  ca.ses,  however,  the  expansion  pres¬ 
sure  for  one-wall  heating  was  sijfiiiticantly  lower 
than  for  two-wall  heatiiiK,  and  the  characteristic 
|)eak  pressure  was  obtained  oidy  by  the  latter 
method. 

Kxpansion  tests  for  one-wall  heated  ovens  are 
ordinarily  conducted  under  constant-i)ressure  con¬ 
ditions  (2.2  psi)  rather  than  under  the  constant- 
volume  conditions  maintained  in  the  alsive  te.sts. 
Attempts  to  correlate  Bureau  of  .Mines  data  on 
volume  ex|iansion  in  the  .sole-heated  oven  and  ex¬ 
pansion  pressure  in  the  slot  oven  have  proved  dis- 
appointiiiK.  Unfortunately,  the  available  data  are 


liourtrw  iwrf  Mttnttg  uh</  Wrf  t-ng$uerf\ 
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Fig.  26. — Influence  of  Type  of  Heating  upon 
Expansion  Pressure 


contiiUHl  mostly  to  coals  contractiiiK  in  the  .sole 
oven  and  t»)  those  showing  low  pressures  in  the 
slot  oven.  In  .Apin-ndix  VI  it  will  la*  shown  that 
jHisitive  ex{)an.sion  data  from  the  two  methrals  of 
test  can  la*  correlated  with  the  .same  coal  proper¬ 
ties.  indicating  that  th»‘re  is  .some  relation.ship  be- 
twis-n  the  two  methtsls  of  test  for  expandinK  coals. 
This  would  im|)ly  a  relationship  la*tween  expan¬ 
sion  pressure  and  volume  expansion  for  one-wall 
heating,  anti  a  relationship  ladwia*n  pre-peak  and 
|K'ak  expansion  pre.ssures  for  two-wall  heatiiiK- 

Brown  also  states  that  there  is  no  relation  la*- 
tween  ia“r  cent  expansion  and  expansion  pressure, 
since  even  contractiiiK  hinh-volatile  coals  show 
slijfht  peak  pressures  in  a  two-wall  heated  oven."- 
However,  the  coals  tri'injr  hiifher  la'rcentaKes  of 
linear  expansion  in  sole-heated  ovens  show  hiKher 
expansion  pressures  in  two-wall  heatetl  test  ttvens. 

F.  Relative  Size  and  Shape  of  Testing  Equipment 

Small  scale  ovens  (such  as  tle.scrilaal  by  Al- 
tieri*'  ’  and  CiauKer'’”)  which  carlainize  from 
5  to  1 1  lbs.  of  coal  have  not  latui  extensively 
adopted  for  expansion  testiiiK-  The  Bureau  of 
Mines  has  issued  a  complete  description  of  their 
ex|a*riences  with  an  expansion  oven  of  this  size.'"" 
The  oven  is  12  in.  lonjf.  5  in.  wide,  and  holds  about 
17  lbs.  of  coal  when  filled  to  a  tlepth  of  l)*  j  in. 
Previ«>us  work  (see  I),  Oven  Width)  had  shown 
that  maximum  wall  pressures  decrea.sed  more 
or  less  regularly  as  oven  width  increased;  con.se- 
<iuently,  a  com|)aratively  hijrh  wall  pressure  was 
expected,  but  it  was  ho|H‘<l  that  results  could  1h“ 
correlateil  w  ith  those  from  larRer-.scale  apparatus. 

This  oven  was  operated  under  ls)th  fre«*-top  and 
confined,  cooled-top  conditions,  but  satisfactory 
repnalucibility  could  not  be  attained,  and  no  cor¬ 
relation  could  Ih‘  attempteil.  The  authors  advance 
the  theories  that  lack  of  reproducibility  was  proba¬ 
bly  due  to  rupture  of  the  plastic  enveloia-  at  varying 
pressures  in  the  ca.se  of  the  free-top  tests,  and 
variable  ciMiliiiK  in  the  confined,  cooled-top  tests. 
A  photograph  of  the  mid-|)lane  of  the  charge 
showed  extensive  coking  from  side-walls,  top.  and 
lad  tom. 

The  difficulties  encountered  here  are  those  in¬ 
herent  in  .scaling  down  any  large-size  process, 
namely,  in  constructing  a  model  of  such  dimen- 
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xidti.K  that  thf  priMfss  ih  exactly  rcprodiuaM)  <m 
a  small  stale.  Obviously,  the  width  of  the  plastic 
la\er  can  not  la-  scaled  down.  The  effect  of  such 
variables  as  different  deKrts  s  of  coking  from  top, 
bottom,  and  end-walls  can  Ih‘  only  a  matter  <tf 
(onjetfure  af  the  present  time. 

G.  General  Considerations 

Tfie  effect  id'  a  number  of  \ariables  ufion  coal 
eX|iansion  has  la-eii  considered  for  the  simplest 
possible  conditions,  that  is.  wher«“  the  attempt  was 
beinjf  maile  to  var>  one  of  the  test  conditions  while 
holding  the  other  variables  constant.  .Actually, 
this  is  not  jMissible  for  all  condiinat ions,  since  if 
IS  evident  that  the  variables  are  in  many  cases 
interdelH-ndellt.  lloweMr.  the  apparent  effects 
of  these  variables  are  of  sulbcient  maKnitmlc  t" 
jfi'eatlv  alter  the  exiiansion  pressure  of  a  par¬ 
ticular  coal. 

It  is  fortunate  that  the  effect  of  the  most  sijr- 
iiiticant  of  tfiese  variables,  bulk  diuisity,  is  suf- 
licieiitlv  consistent  for  the  devidolimellt  of  meth¬ 
ods  for  the  convtrsioii  of  expansion  data  to  a 
uniform  bulk  densitv  basis.  In  the  case  of  vidume 
expansion,  tfie  validitv  of  these  methods  has  been 
demonstrated  over  wide  ranges  of  bulk  density. 
Since  the  rclat ionshi|i  between  expansion  (iressure 
and  bulk  density  has  not  been  so  extensively  in¬ 
vestigated.  the  apidication  id'  the  propo.sed  con¬ 
version  methotl  should  be  tentatively  limited  to 
comparatively  short  ranvres  id’  bulk  density.  The 
relat ionshifis  which  have  been  develoiied  will  be 
iitili/ed  in  correlation  of  expansion  data  in  the 
next  section. 

The  variables  relating  to  rate  id'  hi-atiiiK  involve 
such  complexities  that  no  mathematical  methods 
have  vet  Is-eii  developed,  and  only  ^reneral  state¬ 
ments  can  be  made.  However,  it  appears  that  ex- 
|iansion  behaviors  may  l>e  compared  over  reason¬ 
able  ran^^es  of  Hue  ti-miM-rature  and  oven  width 
with  small  error. 

VI.  Influence  of  Coal  Properties  Upon 
Expansion 

In  this  .section  are  presented  the  correlations 
which  have  atipeared  in  the  literature  bidvwen 
expansion  behavior,  under  constant  testing'  con- 
ilitions,  and  the  coal  proi>erties  considered  most 
IHMtineiit  to  expansion.  In  addition,  it  was  found 
mxessarv  to  correlate  some  of  the  iniblished  ex- 


Iiansion  data  to  determine  the  sijtnificance  of  the 
various  coal  projierties,  and  the  limits  of  their 
application  to  coal  ex)iansion. 

A.  Chemical  Composition 

1.  Indications  of  Hank  (volatile  matter,  fixed 
carlain.  or  carbon  content).  A  number  of  investi¬ 
gators  have  shown  the  relationship  Indween  the 
expanding  projierties  of  coal  and  the  firoiH-rties 
usuallv  used  as  a  basis  tor  coal  classification. 


Fig.  27. — Eipansion  Pressures  of  Unblended 
Coals  in  Russell  Oven'*' 


Mrown  related  the  volume  exfiansions  of  coals,  as 
measured  in  his  Hethlehem  sole-heated  oven,  with 
the  volatile-matter  contents  on  the  dry  and  ash- 
fret*  basis."  .A  difTerent  curve  or  straivrht  liiu* 
was  used  for  each  of  the  coal  beds  correlated. 

The  Pontypridd  Test  Plant  Committee  has  shown 
the  relat ionshi|) between  maximum  extiansion  jires- 
sures  (as  measured  in  a  modified  Kus.sell  oven) 
and  the  carbon  contents  of  .some  seventy  Knjrlish 
coals.'"  The  correlation  in  treneral  is  immu*.  al- 
thouKh  the  (iressurt's  a|ipear  to  reach  a  maximum 
at  about  J>2'.  carbon. 

Russell  and  Perch  correlated  the  maximum  ex¬ 
pansion  (iressures  of  unblended  coals,  as  testt*d  in 
the  Ku.s.sell  oven,  with  the  ratio  of  the  moist,  min¬ 
eral-matter-free  Pitu  to  the  dry,  mineral-matter- 
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fret-  viilatiU-  matter  (Fi>r.  1,  p.  2(1).  This  ratio  in 
turn  was  correlated  with  the  sum  of  the  dry.  min- 
end-matter-free  volatile  matter  and  the  total  mois¬ 
ture.  In  another  pa|)er,'“  the  maximum  expansion 
pressures  were  plotted  directly  ajrain.st  the  latter 
sum.  and  data  oji  several  Knjrlish  coals,  presumably 
from  Ref.  1 14.  were  adib‘d  to  the  extreme  low- 
volatile  jfroup  ( FiK.  27).  It  may  1h-  noted  that 
these  new  data  displaced  the  jx-ak  slijfhtly  to  the 
left. 

As  a  part  of  the  pre.seiit  study,  the  followiiiK 
equation  was  found  to  indicate  e.\i>ansions  of  22 
coals,  as  measured  in  the  ISureau  of  Mines  sule- 
heateii  oven; 

Eipan&ion.  \  2.95  (C*  80) — 6  02  log  Fluidity — I  87  — 1.42 

(r  «) 

(£ip«ntion$  c«lcuUtod  to  «  w*t  bulk  dentity  55. S  pcf ). 

C*  carbon,  dmmf  corr.  ^or  CO),  % 

Fluidity  Gietalar.  maiimum  dial  div».  par  min. 

AiKk  ash  in  coka  % 


Nau)rle  ami  co-workers  e\pres.s«“«l  the  results  of 
expansion  tests  in  th*-  same  api<aratus  by  the 
following;  equation:"^ 

Eipansion  (dry.  solid  coal),  *»  1.49  F.C. — 1 1  04  log  Fluidity — 19  3 

(r  .92) 

F  C.  liiad  carbon,  dmmi 

Fluidity  Giasalar.  mailmum  dial  divs.  par  min. 

For  18  sam|)les  of  Pocahontas  No.  2  coal,  these 
workers  found  that  exjiansions  coubl  be  expres.sed 
by  a  linear  function  of  the  tixed  carlnm : 

Eip*ntion  %  7.3  ■  F.C.  (dmmt)  —  577  |r  95) 

(Eipansion  at  dry  bulk  dansity  of  55.5  pcf) 

Since  straiKht-line  ami  vari<»us  tyjK's  of  curvi¬ 
linear  relationships  are  indicated  by  the  correla¬ 
tions  cited,  a  closer  examination  of  the  data  is  war¬ 
ranted.  For  the  corndation  of  volume  exi)ansion. 
Rureaii  of  .Mines  data  (for  .samples  from  various 
coal  Ix-ds)  on  coal  pro|>»‘rties  and  ex|>ansion  in 
the  .sole-heated  oven  were  utilized  (Table  Ml). 


TABLE  III 


VOLUIviE  EXPANSIONS  IN  BUREAU  OF  K4INES  SOLE-HEATED  OVEN  AND  ANALYTICAL  DATA 

FOR  UNBLENDED  COALS 
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74 
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.7 
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70 
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80 
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56 
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.6 
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73 
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62 
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.9 
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.01 

3.3 

3.2 
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1.2 
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64 
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.13 

6.9 

1.93 
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.6 
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.8 
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47 
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9  7 
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23.0 
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(TABLE  III  continued  on  page  44) 
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TABLE  III  (Continued) 

VOLUME  EXPANSIONS  IN  BUREAU  OF  MINES  SOLE-HEATED  OVEN  AND  ANALYTICAL  DATA 


FOR  UNBLENDED  COALS 
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IS  1 

18  6 

.21 

8  1 

1.18 

l.l* 

14 

"  726 

77 

Thick  Ff#«pQrf 

-  6  1 

179 

11 

7.7 

2  48 

2  8 

1.5 

■  655 

791 

17  7 

18  6 

24 

9.2 

4  08 

2.4* 

l.l 

“  726 

797 

14  6 

38  7 

IS 

10  6 

4.08 

2.7* 

1.8 

"  726 

bill 

.1  1.0 

17  8 

— 

8  0 

3.74 

2.6 

1,7 

IC  7565 

176 

Upp«f  F'««port 

119 

11.7 

— 

15  6 

3  86 

8 

8 

"  7565 

111 

7  6 

17.2 

— 

10  6 

— 

2.0 

9 

"  7518 

ns 

.. 

-ll.S 

10  8 

— 

10.9 

— 

2  2 

.6 

"  7518 

171 

Lower  Freeport 

4  0 

ns 

— 

9  4 

— 

2.9 

l.l 

"  7518 

87 

Eeqle 

717 

IS.I 

.09 

8  S 

4.11 

1.6 

.9 

TP  691 

167 

-  7  6 

36.2 

— 

62 

1.77 

1.9 

1.3 

IC  7565 

86 

Etkhorn  No  3 

1.0 

40  1 

.17 

18 

2.62 

2.9 

1.8 

TP  697 

79S 

Etkhorn 

1  l.l 

1S9 

.01 

1 1.0 

2  92 

40* 

l.l 

'•  726 

164 

No  S  Block 

IS9 

40  4 

— 

ll.S 

1.69 

49 

3.7 

IC  7565 

88 

17  3 

36S 

OS 

10.7 

4  08 

2.0 

1.0 

TP  711 

S4 

Hiqh  Splirst 

8  S 

19S 

so 

4  6 

.78 

M 

2.5 

"  599 

61 

Lower  Hiqrsite 

ss 

19  0 

.11 

6.0 

2.27 

2  9 

1.4 

•'  614 

61 

No  1 

.  7  1 

3SS 

os 

6.1 

2.71 

54 

2.6 

"  628 

76 

Haijrd  No  4 

17 

19.1 

.21 

4  6 

1  01 

16 

2.4 

••  672 

77 

Heierd  No  7 

-  9  S 

19.2 

11 

7.9 

l.l  1 

l.l 

2.1 

672 

1S6 

Imboden 

-  IS 

38  2 

— 

5.3 

3,27 

1.0 

1.7 

IC  7565 

S8 

Lower  Benner 

6  7 

22  6 

29 

lO.I 

2.46 

2  5 

.5 

TP  616 

91 

7S8 

1S9 

1  6S 

7  1 

1.70 

1.9 

.8 

"  720 

161 

No.  7  Gel 

111 

18  8 

— 

6.6 

4  48 

1.7 

9 

IC  7565 

366 

Stockton  Lewiiton 

17.8 

47  2 

— 

14  2 

1.99 

4.4 

2.7 

"  7565 

81 

Powellton 

9  0 

14  1 

16 

2.6 

3  54 

2  2 

1.0 

TP  691 

81 

-  6  4 

11.1 

.01 

3.7 

3.80 

2  2 

1.0 

"  681 

SI 

Pond  Creek 

6S 

33  6 

.12 

5  2 

1.10 

2  7 

l.l 

"  596 

117 

Americe  (weihed) 

4  1 

21  7 

.17 

1 1.6 

2.71 

7.0* 

.7 

"  726 

308 

Mery  Lee  (weihed) 

79 

lOS 

.26 

10  8 

1.01 

5.0* 

.6 

"  726 

109 

7.3 

11.0 

14 

II  2 

3.1 1 

7  4* 

.6 

"  726 

111 

11.1 

310 

.10 

13.2 

3.40 

6  7* 

1.0 

•'  726 

161 

III.  No  S 

-  1.1 

38  8 

— 

9  0 

— 

6  4 

l.l 

IC  7565 

71 

Bev.er 

7S.I 

40S 

1.90 

9.9 

3.05 

4.1 

1.9 

TP  667 

68 

Henryette 

11 

17  S 

21 

7.4 

.40 

6  8 

4.4 

■■  667 

78 

Me  Aleiter 

7  7 

IS  6 

1  96 

6  1 

2  56 

3.0 

1.4 

"  667 

66 

No  S 

1  S 

40  0 

18 

7.2 

2.47 

1.7 

l.l 

"  649 

6S 

No.  2 

-  3  1 

31.6 

OS 

i2.9 

1.78 

2.2 

1.2 

"  649 

476 

Sewell 

■11.7 

30S 

— 

6.1 

— 

2  3 

.6 

•• 

479 

4  7 

10  8 

— 

8  S 

— 

2  4 

l.l 

•• 

378A 

Peteu.  Mei 

-  S  6 

24  8 

— 

ISO 

— 

3.1 

— 

IC  7518 

*  Sampled  et  coke  plant 

••  Report  of  Gai  Prod.  Comm., 

AGA  (I9S0) 

IC  7SI8 
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V  sf>.a.  MA-tlK  HT'  \ 

Fig.  28. — Effect  of  Mineral  Matter  Upon  Bulk 
Density 

from  T«bUi  IV  and  X) 

Tht*  t'.xperimeiital  fxpan.sioii  re.sult.t  are  u.-Jiially 
calculated  to  a  wet  bulk  density  of  o.S.o  i)cf  or  to 
dry,  .solid-coal  expansion.  usiiiK  the  expre.ssions 
Riven  in  Api)endix  V.  A,  p.  .‘M.  However,  the 
authors  found  that  closer  correlations  were  ob- 


Fig.  29. — Volume  Expansion  as  a  Multiple  Function 
of  Volatile  Matter  and  Mineral  Matter 

Nota:  Tast  aipansiont  Kava  baan  caiculatad  to  aipantion  at 
a  standard  dry  bulk  dansity  of  S4  pcf  at  8%  mlnaral  mattar. 
Eipantiont  in  tka  uppar  9rapk  wara  corractad  to  8%  minaral 
mattar  by  tka  avara^a  l<na  skown  in  lowar  qrapk.  Data  from 
Tabla  III. 


tained  when  the  ex|H‘rinu‘ntal  results  were  calcu¬ 
lated  to  a  standard  dry  bulk  density  corrected  to 
uniform  mineral-matter  content.  In  this  case,  a 
dry  bulk  density  of  .’>1  jaf  at  8'<  mineral  matter 
was  selected  as  standard,  the  mineral  matter  cor¬ 
rection  iH'iiiR  calculated  from  the  slope  of  the 
average  line  shown  in  FiR.  28.  It  was  also  ob.ser\  ed 
that  the  correlation  could  la*  improved  by  subtract- 
iiiR  the  CO.  from  the  volatile  matter,  and  Rraphi- 
cally  correctiiiR  the  |H-rcentaRe  expansion  for  min¬ 
eral  matter  (  FiR.  210.  The  arraiiRement  of  points 
for  the  expandinR  cttals  indicates  a  ju'ak  at  ala»ut 
16',  volatile  matter,  corresjamditiR  to  that  noted 
by  Ku.s.s«dl  (FiR.  27),  and  al.so  a  le.s.ser  {wak  at 
alauit  27'.  volatile  matter,  in  the  middle  of  the 
medium-volatile  raiiRe.  The  contractiriR  coals  also 
show  the  latter  trend,  contraction  first  apiK-arinR 
at  22.5' ,  volatile  matter,  and  not  reai)|H*arinR 
until  .‘50.5'.  volatile  matter.  The  almo.st  vertical 
rise  of  the  lines  in  tlu-  ranRe  of  14  to  18',  volatile 
matter  shows  that  ex|)ansion  is  inadtKjuately  in- 
ilicate»l  by  volatile  matter  in  this  reRion.  The  data 
Rave  widely-scattered  |K)ints  for  coals  of  more 
than  .'51',  volatile  matter.  It  will  1h‘  shown  in 
Api)endix  VI.  B.  :5,  that  proiHTties  other  than 
volatile  matter  must  be  considered  for  cla.ssifica- 
tion  of  these  hiRh-volatile  coals. 


Fig.  30. — Expansion  Pressures  of  Unblended  Coals 
in  Bureau  of  Mines  Slot  Oven 

Not*;  Eiponiion  pr*»tur*t  k*«*  b**n  c*lcul*t*d  to  «  tt«nd' 
«rd  dry  bulk  d*n«ity  of  49  pcf  *t  8y«  min*r*l  m*tt*p  by 
31.  Dot*  in  T*bl*  IV. 
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TABLE  IV 


EXPANSION  PRESSURES  IN  BUREAU  OF  MINES  SLOT  OVEN  AND  VARIOUS  COAL  PROPERTIES 

FOR  UNBLENDED  COALS 


No 

% 

t 

Motfur* 

% 

E 

3 

•  fv 

^2 

3 

1 

li  1 

0  I  .E 

°3:z 

•(0 

?  • 

IL 

a 

< 

a 

m  a 

Total 

Air 

I** 

30 

y 

o” 

u 

I! 

sz 

!  j 

3]l 

upper  Freeport 

1  s 

S7  7 

7  0 

.9 

10.6 

_ 

32.2 

_ 

1C  7518 

<1)1 

l.l 

S0.6 

3  6 

II 

9  7 

— 

32  2 

— 

"  7565 

<331 

7  0 

S04 

3  6 

l.l 

9.7 

— 

32  2 

— 

"  7565 

)3S 

3.1 

SOI 

2.7 

.6 

10.9 

— 

30.1 

— 

••  7518 

33S 

3  7 

S2  4 

2  2 

6 

10.9 

— 

30  8 

— 

•'  7518 

376 

3  4 

ss.s 

8 

8 

IS6 

— 

3I.S 

3  86 

7565 

376 

4  3 

S4  8 

.8 

.8 

IS.6 

— 

31.5 

3.86 

"  7565 

376 

Upper  and  Lower 

Freeport 

IS 

49  4 

3  6 

1.0 

10.4 

— 

32  2 

— 

"  7518 

376 

.. 

IS 

SI.2 

3.6 

1.0 

10.4 

— 

32.2 

— 

••  7518 

<376 

" 

3.1 

49  7 

2.7 

8 

9.0 

— 

32.2 

— 

7518 

b)76 

.. 

3  6 

51  9 

3  4 

9 

91 

— 

32.0 

— 

7565 

b376 

.. 

4  1 

51.7 

3  4 

.9 

9  8 

— 

320 

— 

••  7565 

SI 

lower  Banner 

7  3 

S3  3 

1.3 

5 

lO.I 

.29 

22  6 

2  46 

Rl  3644 

6) 

Lower  Hiqnite 

OS 

so.o 

29 

1.4 

60 

.11 

39.0 

2.27 

••  3644 

68 

Henryetta 

09 

49  9 

6  8 

4  4 

74 

.23 

37  5 

.40 

TP  667 

7) 

Me  Alester 

08 

50.7 

3  8 

2.7 

52 

1.49 

37.6 

.18 

667 

XP36 

Mery  Lee 

7  7 

SI  8 

17 

.6 

11.9 

— 

30.4 

— 

Rl  4285 

73S 

Rosite.  Meiico 

1.2 

SIS 

4.2 

— 

18  5 

— 

28.3 

— 

"  4285 

37IA 

Palau  Meiico 

4  7  • 

S3.I 

2.0 

.7 

IS.O 

■— 

24.8 

— 

1C  7518 

37IA 

.. 

1.7 

48.7 

5.9 

.7 

ISO 

•— 

24.8 

— 

7518 

378A 

.. 

1.3 

47  5 

6  3 

.7 

15.0 

•— 

24.8 

— 

'•  7518 

'rite  rclat iniiship  ln-tuft  n  volatilo  niatt*T  ami 
tnaxiiiuini  »'Xpansioii  pn-ssurf,  as  nu-asurt‘(l  in  the 
nnrraii  of  .Mines  two-wall  healed  slot  ovnn,  is 
shown  in  Kijr.  The  test  hulk  densities  (Table 
1\')  were  foneeted  to  the  dr\.  8',  mineral  matter 
basis  as  before.  The  ob.served  expansion  prt'ssures 
wen-  then  l  alc  idateil  to  a  standard  dry  bidk  density 
of  P.t  [K-f  from  the  slope  of  the  avera^t'  litie  shown 
in  ^'i^,^  12  ( p.  .‘5 1 1 .  The  exiwrimental  error  in  Ki)?.:{b 
is  ap|>arently  of  eonsiderabU*  mavrnitude.  as  judjred 
b\  the  deviations  Iwtwfeii  duitliiatt'  tests  and  by 
the  fart  that  averam*  r»‘sults  de\  iate  less  from  the 
av«  ra>r*-  line  than  siiiKl**  tests.  It  has  Iksui  lu'evi- 
ously  mentioned  (.Appi  iidix  IN.  -A)  that  th«“  proba¬ 
ble  error  in  this  a|>paratus  is  n.  I  iisi."-’  The  devia¬ 
tions  from  the  averajrf  lim*  in  ^'i^^.  .‘ttt  have  been 
plotted  a^'ainst  the  bulk  dmisity  eorrevtion  liiu“  in 

V\\!.  :n. 

2.  Nsh  or  Mineral  Matter  Content.  In  Table  V 
are  shown  the  results  of  several  investijfations 
loneerninjr  the  t-lTevt  (d‘  ash  uikhi  maximum  ex- 


Flg.  31. — Effect  of  Bulk  Density  on  Expansion 
Pressure 


Not*;  Th*  pointt  plotted  for  unbUnded  co«U  art  dtvittiont 
from  the  voUtilt  matter  correlation  curve  ihown  in  Fi9.  30; 
thoie  for  blends  are  deviations  from  the  air-dry  moisture 
correlation  curve  shown  in  Fig.  36. 
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pansion  pressure. '■  With  thf  fxieptioii  of  t)nf 
Kroup  of  (lata  the  hi>rher-ash  i(>als  ){i*'e  lower  ex¬ 
pansion  pressures  at  test  hulk  densities.  However, 
when  the  expansion  pressures  are  converted  to  a 
standard  hulk  density  at  S',  mineral  matter,  the 
results  are  inconclusive,  since  the  calculated  prt*s- 
sures  sometimes  increase  with  increases  in  mineral 
matter.  The  inconsistencv  of  results  may  In*  due  to 
sey'retration  of  (>etro>rraphic  constituents  hy  such 
operations  as  washin>r,  hand-i)ickinK.  or  .screeninjf. 


TABLE  V 

EFFECT  OF  ASH  CONTENT  ON  EXPANSION 
PRESSURE'- 


M«d«  by  C.  C.  RusmII: 

Ash  in 
Designated 
Individual 
Coal.  % 

Maiimum 
Eipansion 
Fressura  of 
Blend,  psi 

lO*/.  B«ckl«v  70%  Elkhorn  No.  3: 

B*ckl«y.  CU«n  S«Am 

4.4 

4  37 

BvckUy,  Full  Se«m 

5  2 

3,87 

B«ckUy,  SUck 

10.6 

3.50 

Tests  Made  by  Inland  Steal  Co.: 

307.  Bockl.y,  2S7.  Elkhorn  No.  3  Eqq 

45V„  Elkhorn  No.  3  Eq^: 

Beckley.  unwashed 

10.05 

3.2 

Beckley,  washed  at  1.60 

8  46 

4  2 

Beckley.  washed  at  I.SO 

5.20 

4  2 

Beckley,  washed  at  1.40 

4  10 

3  6 

30%  Beckley,  70%  Elkhorn  No.  3; 

Elkhorn  No.  3  Slack 

6.8 

4  1 

Elkhorn  No.  3  Egq-Slack 

54 

4  2 

Elkhorn  No.  3  Egg 

3.0 

4  6 

257,  Bncklev.  757,  Elkhorn  No  3: 

Beckley,  raw 

— 

24 

Beckley,  washed 

— 

2.9 

Mai.  Eip. 

Normal  Froperties  of  Elkhorn  No.  3: 

Ashy, 

Fress.  psi 

Egg  alone  < 

b*.  2.5 

1.67 

Slack,  alone 

■  bt.  5  5 

,91 

The  corndations  of  Hrown  indicated  that  volume 
ex|)ansion  sijfniticantly  decrea.sed  with  increasing 
ash  content,  when  the  hulk  density  was  held  con¬ 
stant.  This  effect  was  prohahly  due  to  the  inllu- 
ence  of  the  mineral  matter  upon  the  hulk  density. 
It  is  shown  in  the  lower  part  of  Fijt.  2It  that  min¬ 
eral  matter  exerts  a  minor  influence  upon  volume 
ext)ansion,  when  hulk  densities  are  corrected  to 
uniform  mineral  matter  content.  No  effect  of  min¬ 
eral  matter  upon  expansion  pre.ssure  was  noted 
for  the  data  plotted  in  Fij?-  ‘5h.  The  rather  larjre 
corrections  for  mineral  matter  found  nece.s.sary 
when  correlatinjr  volume  expansion  with  fluidity 


Fig.  32. — Volume  Expansion  as  a  Multiple  Function 
of  Fluidity  and  Mineral  Matter 

Not«:  T«st  •ip«nsionf  K«v«  b««n  c«lcul«t«d  to  tipansion  «t 
•  tt«nd«rd  dry  bulk  dtniity  of  pel  «t  8%  minorol 
bip«nsiortt  in  tbn  uppor  groph  w«r«  corroctod  to  nf>in«r«l 
m«tt»r  by  th«  «v«r«9«  lin*  tbown  in  low«r  graph.  Data  from 
Tabla  III. 

( Fijr.  .‘12)  are  prohahly  mostly  due  to  the  effect  of 
mineral  matter  u|(on  fluidity. 

it.  Dejjree  of  Oxidation.  This  may  he  termed  a 
p.seudo-chemical  property,  since  the  initial  start's 
of  oxidation  are  not  detectable  hy  chemical  analy¬ 
sis,"'  although  excessive  oxidation  is  characterized 
hy  a  siKniticarit  increase  in  oyjren  content. 

The  effect  of  oxidation  upon  the  volume  expan¬ 
sion  of  coals  has  lM*en  observed  hy  the  llureau  of 
.Mines.  Coal  samples  were  subjected  to  accelerated 
oxidation  hy  tumhliiiK  in  a  drum  in  the  pre.seiice 
of  air  at  a  temperature  of  100  F.  Sewell  coal 
showed  a  significant  reducti(»n,  compared  to  fresh 
coal,  in  linear  expansion  after  18.8  days  of  treat¬ 
ment,  althouKh  no  reduction  was  noted  after  .*>.6 
days.'"'  In  this  ca.se,  expansion  was  measured  hy 
the  extent  of  deformation  of  HM-A(iA  retorts. 
While  no  jrreat  accuracy  is  claimed  for  this  method 
of  measurement,  it  has  l>een  shown  to  qualitatively 
indicate  the  ex])andin>c  properties.  Oxidation  of 
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I.<)vv«T  <<ial  also  iloiroasiMi  cxpatision  in 

|iro|Mtrtion  to  thf  fli-Kroo  of  oxidation. 

Kt'pnsfiitativf  t»'sts  rnado  in  thr  Ilurfaii  of 
.Minos  solo-hoatfd  ovm  with  oxidiwd  coals  arc 
shown  in  'lahlc  \  l.  The  expanding  projK-rtics  of 
the  I’lK'ahontas  coals  were  destroyed  almost  en- 
tiielv  by  sndicient  oxidation.  The  Ifeikley  coal 
showed  anoniolons  tieha\ior  in  that  moiU-rate  ox¬ 
idation  increased  the  expansion.  The  amount  of 
«ont  tact  ion  of  the  iion-«-\pandinK  l.ower  |{anner 
t  oal  decreased  with  time  of  oxidation. 

TABLE  VI 

EFFECT  OF  OXIDATION  ON  VOLUME  EXPANSION 
OF  COALS  IN  BUREAU  OF  MINES  SOLE- 


HEATED  OVEN 

Ol  d4»iow  D4lyt  % 


Pocahontai  No  4^^  0 

22  9 

7  7 

22  7 

7  5 

6  2 

II  9 

.  1.5 

PocuKonfoi  No  3^^  0 

2as 

3  7 

204 

a  3 

2  6 

IIS 

9 

0 

15  9 

a  2 

300 

la  4 

3  6 

Low«r  ® 

-25.a 

3  9 

.17  a 

112 

16  9 

19  2 

16.1 

The  limited  data  available 

indicate  that  exjian- 

sion  pressures  are  reiluced 

by  the  inclusion  of 

oxidized  coals  in  the  hletul.  One  test  showed  that 
the  maximum  expansion  (iressure  of  a  blend  was 
decreased  from  t>.l  psi  for  fresh  coal  to  O.S  psi  for 
the  satne  blend  oxidiztsl  for  lit  hours  at  150  ('.  in 
air.  Outirop  or  oxidized  low-volatile  coals  (as  in¬ 
dicated  b>  small,  wi-ak  volatile-nuitter  buttons) 
Rave  maximum  expansioti  pressures  of  I  t*  psi  in 
blends  with  a  standard  hiRh-volatile  coal,  com¬ 
pared  to  about  .‘1.5  psi  for  fresh  low-volatile  coals 
blended  in  the  same  manner.  Since  SavaRe'"'  has 
shown  that  a  certain  penentaRe  of  oxidized  coals 
ma>  Ik‘  used  in  a  blend  without  any  ileleterious  ef¬ 
fect  ujion  the  coke  ((ualitv .  it  is  probable  that  small 
proiHirtions  of  oxiilized  coal  w  ill  not  affect  exi»an- 
sion  pressure. 

The.se  effects  of  oxidation  uiion  »'X|)ansion  may 
1h“  ixiamciU'd  by  consideration  of  (he  effects  of 
ox.VRen  uiMin  the  coal.  The  decreased  lluiility"'* 
accompanyiiiR  oxidation  is  probably  due  to  altera¬ 
tion  of  the  chemical  structure  by  removal  of  hydro- 


Ren  and  addition  of  ox.vRen;  if  the  plastic  layer  is 
continuous,  the  decrea.sed  tluidity  would  tend  to 
increa.se  expansion.  However,  excessive  oxidation 
reduces  swellitiR.  an  effect  which  has  In-en  fre¬ 
quently  ob.served  in  the  free-swelliiiR  index  and 
appearance  of  the  volatile-matter  button.  Recent 
evidence  indicates  that  this  decrease  in  swelliiiR 
is  due  to  the  o|H-ninR  of  the  capillary  structure  by 
oxidation. Sulbcieiit  dt'crea.ses  in  swellinR  would, 
(d' course,  lead  to  more  iMU  meable  plastic  envelojies 
and  reduceil  exansion  iire.ssures. 

B.  Physical  Tests 

1.  Fluidity.  The  I’ontyiiridd  Test  Plant  <’om- 
mittt“e  found  a  rather  poor  correlation  Is-tween 
('■ieseler  maximum  lluidities  and  expansion  in  a 
miKlified  Russell  oven."*  F'or  some  seventy  F.iir- 
lish  coals,  a  correlation  co«‘Hicient  of  only  0.5:i  was 
obtained. 

Reference  has  las-n  made  (  FiR.  1 )  to  the  some- 
what  closer  rtdationship  prestmted  by  Russell  and 
Perch  Udwwn  the  (lieseler  lluidities  and  ex(ian- 
sion  (iressures  of  American  coals.”*' 

An  inver.se  relationship  between  (lieseler  maxi¬ 
mum  tluidity  and  volume  expansion  measured  in 
the  P.ureau  of  .Mines  sole-heated  oven  is  indicated 
by  the  multiple  linear  correlations  Riven  in  Ap- 
IHMuiix  VI.  A.  1. 

Since  the  references  cited  are  .somewhat  con¬ 
tradictory.  recourse  was  made  to  correlation  of  the 
data  in  Table  III  to  obtain  a  clearer  view  of  the 
role  of  tluidity  in  volume  expansion.  PlottiiiR  of 
the  data  (FiR.  .’12)  indicated  a  mineral-matter  cor¬ 
rection  Rreater  than  reciuired  in  the  volatile-mat¬ 
ter  correlation  (FiR.  211).  It  has  U'en  mentioned 
that  this  larRer  correction  is  probably  due  to  the 
•■ffect  of  mineral  matter  in  decreasiiiR  the  tluidity. 
No  relationship  between  (lie.seler  maximum  lluid- 
ity  and  volume  expansion  for  coals  of  more  than 
:{1',  volatile  matter  was  found.  The  Reneral  simi¬ 
larity  of  the  averaRe  curve  for  volume  exiiansion 
to  that  for  expansion  pressure  (FiR.  27)  is  a 
stroiiR  indication  that  a  relationship  exists  be¬ 
tween  these  two  proja-rties  in  the  raiiRe  of  14  to 
.'U'.  volatile  matter. 

I’nfortunately.  only  a  few  com|>arable  sets  of 
data  on  lluidities  and  exjiaiision  pressures  in  the 
Rureau  of  Mines  slot  oven  (Table  IV)  have  In'en 
published. 

2.  Other  Plasticity  and  Swelling  Tests.  Besides 
the  fluidity  methods,  mention  should  be  made  of 
a  numla'r  of  miscellaneous  tests  which  have  U'en 
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ustnl  in  cnal  testiiiK-  Alth<)u>fh  iu*jfativf  results 
have  Utui  «»l>taiiUMl  in  the  ap|.licati«n  of  most  of 
these  methcKls  to  coal  expansion,  some  have  l>een 
fouinl  to  i)rovi<le  information  concerninif  low-rank 
and  oxidized  coals. 

It  is  jH-rhaps  unnece.s.sary  to  |H>int  out  that  the 
frtt'-swellin};  index  In-ars  no  din*ct  relationship  to 
coal  expansion. ‘■'*  This  index  has  been  correlated 
with  carbon  and  hydroKeti  cojitents  by  Mott,'-'’  and 
has  been  shown  to  !«■  affected  by  oxidation,  inert 
content,  jK-troKraphic  comjMisition,  aiul  dey'ree  of 
com|>action.‘'‘ 

The  aKjrlutinatiiiK  index  has  also  been  corre¬ 
lated  with  the  carbon  and  hydrogen  contents  by 
-Mott.'-"'  This  test  has  been  recommended  as 
the  l»est  indication  of  decree  of  oxidation  l)y 
Schmidt.''"  Weed  has  shown  the  application  of 
this  test  to  the  selection  and  blending  of  coals  ox- 
i<lized  in  storage,  where  coke  quality  was  the  main 
consideration.-'"’ 

'I'he  volume  of  the  button  obtained  in  the  vola¬ 
tile-matter  test  has  also  been  u.sed  as  an  indication 
of  the  extent  of  oxidation.-'"’ 

Some  attempts  have  U’en  made  to  relate  the 
results  of  lal)oratory  swelling  tests  with  tho.se  of 
pilot  ovens.  McCartney  and  Itavis  compare<l  re¬ 
sults  of  the  Ajrde-Damm  dilatometer  test  with 
volume  expansions  in  the  lUireau  of  .Mines  .sole- 
heated  oven;  no  relationship  was  noted,  and  th«* 
dilatometer  test  was  .subse<|uently  di.scontinued 
by  the  Bureau.'"'  The  I’ontypridd  'I'est  Plant  Com¬ 
mittee  al.so  found  little  relationship  between  re¬ 
sults  from  the  11.  Kopja^rs  and  N'edelmann  (lab¬ 
oratory  swellinj;)  tests  ami  the  expansion  pres¬ 
sures  of  the  same  coals  in  its  mo«lified  Ku.s.sell 
oven."*  It  may  la“  concluded  that  laboratory  swell¬ 
ing  tests  do  not  furnish  any  dirt'ct  indication  of 
the  expansion  behavior  in  larjfe-.scale  tests. 

Differences  in  I'ltra-Fine  Structure.  The  si^- 
idticance  of  the  physical  structure  of  coals  may  be 
judKed  from  the  importance  a.ssi^ned  to  the  natu¬ 
ral  (bed)  moisture  in  coal  cla.ssification  and  cor¬ 
relation  studies.  The  .ASTM  Classification  of  Coals 
by  Rank  (  D.{8S-.'>t< )  classifies  coals  of  less  than 
()'.*'.  fixed  carbon  (dmmf)  accordintr  to  moist 
mineral-matter-free  Btu."’  The  natural  bed  mois¬ 
ture  is  .s|)ecified,  the  sample  to  lx*  free  of  visible 
surface  moisture,  if  possible.  If  surface  moisture 
is  visible,  it  is  required  that  the  sample  be  equi- 
lilx’rated  at  :)()  C.  and  97',  humidity  IxTore  the 
determination  of  total  moisture. 


Perch  and  Rus.sell  have  pro|Ht.sc*d  the  cla.ssifica¬ 
tion  of  coals  by  the  sum  of  the  volatile  matter  and 
total  moisture.'"  This  abscdssa  ap|H*ars  to  satis¬ 
factorily  classify  coals  of  more  than  25'.  volatile 
matter,  when  plotted  a^tainst  the  ratio  of  the  moist 
mineral-matter-free  Btu  to  the  dry  mineral-mat¬ 
ter-free  volatile  matter.  Betwt*en  2d  and  25',  vol¬ 
atile  matter,  the  inclusion  of  the  moisture  resultetl 
in  no  improvement  over  the  u.se  of  volatile  matter 
aUine;  Udow  20',  volatile  matter,  the  spread  of 
points  was  >freater  than  that  obtaine*!  with  volatile 
matter  alone. 

South  Metropolitan  Cas  Co.  has  u.sed  moisture 
at  50',  humidity  and  volatile  matter  for  cla.ssify- 
injr  coals.'""' 

Berkowitz  utilized  the  m»)isture  cjuitent  of  the 
air-dried  sample  and  the  volatile  matter  in  joint 
correlation  of  the  cokiiiK  projH'rties  of  Kntflish 
and  Commonwealth  coals.-"  The  cokinj?  pro|H*rtiea 
correlate<l  were  the  ajrKlutinatinj;  value  ami  free- 
swellinjf  index. 

Despite  the  obvious  im|M)rtance  of  physical 
structure,  there  is  little  data  available  on  Ameri¬ 
can  coals.  Limited  stmlies  of  the  moisture  sorp¬ 
tion  of  .several  coals  have  confirme<l  th»'  existence 
of  a  capillary  type  of  structure.'"- '*"■ Heats  of 
wetting,  principally  with  water,  were  determined 
for  a  few  coals  by  Porter  and  Ralston.""  However, 
there  is  lu)  data  available  for  correlation  with  ex¬ 
pansion  Ix'havior  except  that  which  may  be  de¬ 
duced  from  the  total  and  air-dried  moisture  c«»n- 
tents.  From  the  data  Kiven  in  Apix'iidix  II.  C.  p.  21, 
these  measures  should  furnish  approximate  indi¬ 
cation  of  relative  portjsities  and  total  surface  areas. 

The  sitrnificance  of  moi.sture  to  the  volume  ex¬ 
pansion  of  unblendtHl  coals  was  a.scertained  from 
the  data  jfiven  in  Table  III.  There  is  a  reasonable 
correlation  In'tween  the  total  and  air-dry  mois¬ 
tures  of  these  .sami)les  ( E'ijt.  22).  with  the  excep¬ 
tion  of  a  Krouj)  of  coals  who.se  total  moistures  ap- 
p«‘ared  to  Ik*  unusually  hiKh.  It  is  (Missible  that 
the.se  hijih  moistures  were  due  to  surface  moisture 
on  the  coal.  The  air-dry  moisture  was  therefore 
.selecteil  as  the  metre  reliable  indication  of  physical 
.structure.  This  selection  iH*rmitted  the  inclusion 
of  coals  sampled  at  the  point  of  delivery  and  also 
of  washed  coals,  the  total  moistures  of  which 
woultl  probably  deviate  from  the  Ix'd  moistures. 

No  significant  inlluence  of  air-dry  moisture 
ujMtn  expansion  was  note<i  for  coals  of  le.ss  than 
.20  to  25',  volatile  matter.  Of  the  coals  shown  in 
Table  III,  all  of  those  expanding  more  than 
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Fig.  33. — Relationihip  Between  Air-Dry  and  Total 
Moisture 

had  snli>taiitiallv  the  sanu-  air-dry  riiui.><turc“. 

I l(i\\ cvci’.  tlu‘  air-dry  nmisturi'  wa.s 
tiMiiid  to  Im'  siyM)iruaid  in  niiiltiplf  ((irrclatioii  <d' 
Ihr  voliinu'  cxpansioti.'i  of  i-oals  with  volatile  mat¬ 
ter  4'onteids  exeeediiiK  .'>1'.  ( l-’ijr,  .'Ml.  It  ma\  he 
noted  that  these  expansions  could  not  he  success- 
t'nll>  cori’elated  with  either  volatile  matter  or 
Mniditv  or  a  comhination  (d’  the  two. 

l•’.xpansion  pressure  data  are  availahh*  for  too 
few  unhieniled  coals  in  the  hiy'h-volat ile  ratine  t*»r 
multiple  correlation  with  air-dr.\  moisture  (Table 
l\'l.  However,  it  will  Ik-  shown  in  a  suhseipient 
section  on  coal  blends  that  the  air-dry  moisture  of 
the  hisrh-Nolatile  loal  was  the  most  sijrniticant 
variable  which  could  be  related  to  the  expansion 
behav  ior. 

The  dependeiii-e  of  expansion  Upon  air-drv  mois¬ 
ture  is  rather  remarkable  in  view  of  the  lack  of 
precision  which  is  an  inherent  defect  of  air-dry 
moisture  tleterminat ions.  Itonil  has  shown  that 
the  air-dr.v  moisture  is  dependent  upon  siu  h  varia¬ 
bles  as  ambient  temperature  and  humidity,  and 
particle  si/e.-' 

I.  I'rtrnu:ra|ihic  Composition  and  Inert  Content. 
Several  invest ijrators  have  undertaken  laboratory 
carlMUii/ation  (d'  petroyrraphic  fractions,  to  deter- 


Fig.  34. — Volume  Expansion  as  a  Multiple  Function 
ot  Volatile  Matter  and  Air-Dry  Moisture 

Note:  Test  eipersions  have  been  ceiculated  to  eipentlon  at 
a  standard  dry  bulk  density  of  S4  pcf  at  8%  mineral  matte'. 
Eipan^ions  in  the  upper  qraph  were  corrected  to  1.4%  air-dry 
moisture  by  the  avaraqe  line  shown  in  tower  qraph.  Data  from 
Table  III 

mine  ditTereiices  in  their  swidlinK  l»‘haviors. 

.Mainz  and  Schwarzmann  investivrated  the  td- 
fect  (d‘  petrographic  composition  upon  the  exjian- 
sion  of  (lerman  coals  and  coal  fractions  in  the 
Kopt  ers  laboratory  apparatus.'-'  F'or  three  .seams, 
the  hand-picked  briyrht  fractions  (mainly  vitrain 
and  clarain)  expanded  much  more  than  the  dull 
fractions  ( mainly  durain  and  fusain).  It  was  con- 
i  huh'd  that  from  HI  to  l.'j'.  of  durain  in  the  mix 
would  eliminate  swellinjr. 

I'.ssar  used  the  laboratory  a|i|iaratus  of  Imhof 
for  the  investivration  id'  Saar  and  liuhr  coals.'"” 
The  bri^'ht  coal  (vitrain  and  clarain  I  exerted  a 
jrreater  pressure  than  either  the  dull  coal  (durain 
and  fusain)  or  fiber  coal  ( fu.sain  and  vitro-fusain). 

Seventeen  bright  fractions  from  .American  (.A))- 
Iialachian)  coals  v'<*ve  more  swollen  and  cellular 
low-temiierature  coke  residues  than  were  obtained 
from  the  splint  fractions.'"  The  differences  be- 
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TABLE  VII 

PETROGRAPHIC  COMPOSITION  OF  COALS  TESTED 
FOR  EXPANSION  BY  BUREAU  OF  MINES 
TY^ES  COMI*ONENTS 
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75 

23 
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58 

36 
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13 

43 

37 
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1  in  Table 

III. 

tween  bri3rht 

and 

s|ilint  button.s 

1 

very  marked 

for  the  hi3fh-i 

rank 

coals, . 

and  less 

noticeable  for  low- 

rank  coals. 


In  addition,  vitrain  and  clarain  showtai  jrrcatcr 
swellitiK  than  durain  and  fusain  in  the  standard 
free-swellinjr  test.’’’* 

AlthouKh  carefully  .selected  coal  fractions  differ 
in  expansion  behavior,  the  intluence  of  petro- 
^rraJ)hic  conn)osition  is  obscure  when  naturally- 
occurring  full-.seani  sani|)les  ar*’  considered.  The 
available  petrographic  compositions  of  the  coals 
u.sed  in  the  correlations  prejiared  for  this  report 
are  jriven  in  Table  VM.  Since  the  raiiKe  of  petro- 
jrraiihic  composition  is  rather  narrow,  all  but  thriH* 
of  the  coals  Ihmiik  predominantly  bright,  it  was 
found  that  with  these  data  no  quantitative  influ¬ 
ences  u|M)n  expansion  could  Ik*  assijftied  to  i)etro- 
jrra|)hic  comiiosition. 

The  effect  upon  ex|)ansion  of  the  addition  of 
inert  materials  to  tht*  charjre  has  also  Ix'en  ob- 


TABLE  VIII 

EFFECT  OF  INERTS  ON  MAXIMUM  EXPANSION 
PRESSURE'*' 

Bulk  Mai.  Eip«A$iof> 

pcf  PrAit..  pti 

MiltufAi  witK  No.  3: 


Anthraclfe  Finet.  0% 

SI  0 

4  3 

51.2 

3  75 

5% 

51  0 

2.75 

87. 

52  3 

1.2 

Low  Temp.  Coke,  0% 

51.0 

4.3 

.  5% 

509 

2  6 

.  «7. 

49.6 

20 

ikley  and  Sawdust  Mlitures: 

Sawdust,  07a 

49.7 

9.9 

47. 

46.2 

59 

67. 

44  4 

1.3 

'■  87. 

41.3 

8 

served.  Tests  in  the  Brown  oven  showed  that  the 
volume  expansion  of  I’pper  Freejtort  coal  was 
lowered  from  an  initial  value  of  <  to  1.1',  by 
increasintf  the  fusain  content  from  tl.'.t',  to 
12.7',.'’'  The  differences  in  expansion  of  the  two 
sam|)les  could  be  accounted  for  by  calculatintr  the 
<lry,  solid-coal  expansion.'-  Table  VI  11  shows  the 
reducti<tn  in  exj>ansi<m  pressure  in  the  llus.sell 
oven  cau.sed  by  the  addition  of  inert  materials  to 
low-volatile  coals.  Anthracite  tines  and  low-tem¬ 
perature  coke  jrave  reductions  in  expansion  pres¬ 
sure  without  siKiiiticantly  affectinn  the  bulk  den¬ 
sity  of  the  charjje.  Sawdust  additions  resulted  in  a 
considerable  decrease  in  bidk  deiisity.  II.  Kop|K-rs 
also  showe<l  that  the  addition  of  lb',  <d'  finely 
ground  coke  br»*eze  lowered  ex|)ansion  pressure 
from  !».l  down  to  6.0  jisi.''’ 

C.  Cool  Mixtures 

Since  S5' ,  of  the  coal  carlsmized  is  charjreil  as 
blends,  usually  of  hiKh-  and  low-volatile  coals,  the 
work  which  has  Ihhmi  done  on  coal  blends,  although 
more  limited  in  scois-  than  the  work  referred  to  on 
unblended  coals,  is  of  considerable  practical  im- 
j.ortance. 

Karly  work  on  the  volume  expansion  of  binary 
blends  of  hij^h-  and  low-volatile  coals  indicated 
that  the  ex|)ansion  of  a  blend  could  la*  approxi¬ 
mated  by  calculating  the  weiKhted  average  of  the 
expansions  of  the  constituent  coals.”’.  The  later 
examination  of  a  larjfe  numla  r  t»f  blends  by  Xau- 
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howfVtT.  showed  a  eonsistetil  deviation  from 
the  weijrhted  averajrv.  The  followiiiK  expre.s.sions 
were  found  to  approximate  the  expan.sion.s  of 
hletiils  eontaiiiiiiK  ‘-(t  and  dtl't  low-volatile  coal 

20*0  low-Volotilc:  Eg  600  (.20Ei^V  •  .80  Ehv)  ^ 

(30  I..O  (r  .89) 

30*0  Low-Volatile:  Eg  477  (.30  Ej^v  *  ^HVl  *  28.5 
(23  <o»t»  (r  -  .85) 

E  dry,  colid  coel  expansion,  *o 
B,  LV,  and  HV  refer  to  blend,  low-volatile  and 
high-volatile,  respectively. 

These  equal ion.s  wi-re  obviously  ba.sed  upon  the 
assumption  that  both  the  hiRh-  and  low -volatile 
coals  c-ontributed  to  the-  »-.\pansions  of  blends.  To 
deted  the  relative  inllueiices  of  the  tw(»  different 


Fig.  35. — Effect  of  Blending  on  Expansion 
Pressure 


kinds  of  coal,  the  authors  examined  the  data  shown 
in  Table  I.\.  Correlation  failed  to  reveal  any  in¬ 
fluence  of  the  low-volatile  coal,  and  showed  that 
the  expansion  of  blends  in  this  ratiKe  of  composi¬ 
tion  may  1h*  expressed  as  simple  equations  involv¬ 
ing  only  the  expansion  of  the  hiRh-volatile  coal: 

20*0  Low-Volatile:  Eg“.728  EHV  •  6.4  (r=:.91) 

(26 

30®c  Low-Volatile:  Eg  =.576  Ehv  7.1 

(IS  UiO) 

E  —  expansion  at  wet  bulk  density  of  55.5  pcf,  % 

B  and  HV  refer  to  blend  and  high-volatile,  respectively. 

The  aveiajre  deviation  of  the  observed  results 
from  tho.se  calculated  by  the  e<juations  is  1.7' i  in 
»‘ach  ca.se. 

The  expansion  pre.ssures  of  binary  blends  of 
hijfh-  and  low-volatile  coals  are  shown  in  FiK.  155. 
It  w  ill  1h‘  noted  that  the  relationship  is  not  straijeht- 
line,  and  that  the  inflection  isiints  cHcur  at  dif¬ 
ferent  percentages  for  the  various  blends. 

Kx|)ansion  pressures  in  the  Ilureau  of  .Mines  slot 
oven  and  .selected  coal  pro|H*rties  of  blends  con¬ 
taining  from  17.5  to  .'5(1';  low-volatile  coal  are 
shown  in  Table  X.  The  only  significant  variable 
w  hich  could  la*  identified  was  the  air-dry  moisture 
of  the  hijrh-volatile  coal.  The  expansion  pressure.s, 
corrected  to  standard  bulk  density  at  8' ,  mineral 
matter,  are  shown  plotted  against  the  air-dry  mois¬ 
ture  in  Fi^.  ‘56.  with  the  deviations  plotted  ajjainst 


Fig.  36. — Expansion  Pressures  of  Coal  Blends  vs. 
Air-Dry  Moistures  of  the  High-Volatile  Coal 

Not«:  T«tt  pr*ssur«t  h«v«  b««n  coAv«rt«d  to  pr«stup*s 
4  tt«nd«rd  dry  bulk  density  of  49  pcf  8%  minor«l 
Fig.  31).  Data  from  Tabla  X. 
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TABLE  IX 


EXPANSION  OF  BLENDS  IN  BUREAU  OF  MINES  SOLE-HEATED  OVEN 


•LEND 

LOW  volatile  coal 

HlOH  VOLATILE  COAL 

Co«l  El 

pOM'On. 

ICmI 

EipoMion  1 

|Co.l 

Eiponsion.l 

No 

X 

1  No 

Bod 

X  1 

1  No 

B«d 

X  1 

Bwr  Min«s 

20%  Low-Voldtile  Miitures 

72C 

so 

56 

Poc«.  No.  3 

17.8 

72 

Th.  Frooport 

-  6  1 

TP  655 

76A 

3.1 

75 

(244) 

76 

H«i«rd  No  4 

-  3.2 

672 

8IA 

3.2 

75 

124.4) 

81 

Powollton 

-  64 

683 

a2A 

118 

75 

(244) 

82 

Eoqlo 

-21.2 

691 

I6A 

5.1 

75 

(244) 

86 

Ellliarn  No.  3 

-  1.0 

697 

9IA 

IIS 

75 

(24.4) 

91 

Low.  Bonnor 

25.8 

720 

93A 

7.9 

75 

(244) 

93 

CKitfon 

-20.3 

1C  7518 

94A 

4.0 

75 

(244) 

94 

Low.  Codor  Gtovo 

-11.3 

••  7518 

322A 

6.3 

75 

(244) 

322 

Elkhorn  No.  3 

9  5 

••  7518 

3S6A 

6.S 

75 

(244) 

356 

Imbodon 

-  1.5 

1C  7565 

36IA 

1.3 

75 

(24  4) 

361 

lllinoii  No.  $ 

-  3.1 

••  7565 

362D 

5.1 

357 

10  9 

362 

Eoqlo 

-  2.6 

••  7565 

363A 

0.7 

357 

109 

363 

No.  2  Got 

13.3 

"  7565 

347A 

■  4  8 

347 

o 

• 

Z 

64 

28 

PiHtburqh 

(140) 

7565 

3  70 A 

4  0 

370 

5.7 

28 

(.140) 

"  7565 

b37IA 

1.0 

372 

Low.  Ktffonninq 

25.1 

b37l 

Th.  Frooport 

11.0 

1C  7565 

c37IA 

6S 

372 

25.1 

c37l 

4.4 

”  7565 

d37tA 

-  0.2 

372 

25.1 

d37l 

-  9  9 

••  7565 

t37IA 

-  3  6 

372 

25.1 

•  371 

-15.1 

••  7565 

t37IA 

3.3 

372 

25.1 

*371 

-11.2 

"  7565 

3  74 A 

-  4  3 

374 

6.7 

28 

PiHtburgh 

(-14.0) 

•'  7565 

375A 

■  5.6 

375 

Up.  Klttonninq 

18  4 

28 

(-140) 

••  7565 

73A 

5  7 

74 

HorTiKof  no 

41.6 

73 

McAtottor 

1.0 

TP  667 

87A 

-  1.5 

87 

Hill 

20.3 

28 

PlHiburqh 

(.14.0) 

••  703 

90A 

-  3.6 

90 

Bocktoy 

159 

28 

(-140) 

••  712 

34SA 

-  3.7 

345 

D*»y  S»w*n 

11.2 

28 

(14.0) 

1C  7565 

30“/o  Low-Volatile  Mixtures 

76B 

49 

75 

Poco.  No.  3 

(24.4) 

76 

Hoiord  No.  4 

-  3.2 

TP  672 

SIB 

S.l 

75 

(244) 

81 

PowollTon 

-  6.4 

683 

82B 

•5.9 

75 

(244) 

82 

Eoqlo 

-21.2 

691 

86B 

4.3 

75 

(24  4) 

86 

Elkhorn  No.  3 

-  1.0 

697 

9IB 

-6.0 

75 

(24.4) 

91 

Low.  Bonnor 

-25.8 

••  720 

93B 

4.3 

75 

(24.4) 

93 

Chilton 

-203 

1C  7518 

94  B 

0.5 

75 

(24.4) 

94 

Low.  Codor  Grovo 

11.3 

••  7518 

322B 

3  5 

75 

(24.4) 

322 

Up.  Elthorn 

-  9.5 

••  7518 

3S6B 

8.3 

75 

(24.4) 

356 

Imbodon 

-  1.5 

1C  7565 

36IB 

3.2 

75 

(24.4) 

361 

lllinoift  No.  5 

-  3.1 

7565 

29IB 

IS 

— 

(24.4) 

291 

Th.  Frooport 

-12.7 

TP  726 

374B 

0.7 

374 

low.  KiHonning 

6.7 

28 

Pittsburgh 

(-14.0) 

1C  7565 

37SB 

•  2.0 

375 

Up.  KiHonninq 

18  4 

28 

(-14.0) 

"  7565 

73B 

5.2 

74 

Hortshorno 

41.6 

73 

McAlostor 

1.0 

TP  667 

90B 

1.0 

90 

Bockloy 

15.9 

28 

Pittsburgh 

(-140) 

712 

tht‘ bulk  (lensity  (correctetl  to  8' ,  mi>M‘ral  matter) 
ill  Fijf.  31. 

Rus.sell  has  shown  that  the  e.xpansion  jires- 
sures  of  some  binary  blends  varied  inversely  with 
the  blend  fluidities."*'  Apparently,  the  relationship 
is  not  Kvnerally  applicable,  since  Isenlierjf’s  results 
indicate  that  expansion  pre.ssure  may  be  lowered 
by  substitution  of  a  coal  of  either  high  or  low 


fluidity  for  one  of  nuMlerate  fluidity.'-  With  a  blentl 
of  30',  Beckley,  45' <  Klkhorn  No.  3  Slack,  and 
25'.  h^lkhorn  Kgg,  the  mixture  developing  4.2 
psi  pressure,  sulxstitution  of  highly  fluid  Kagle 
coal  for  the  Klkhorn  h'gg  reduced  the  pressure  to 
3.0  psi.  Sub.stitution  of  Illinois  No.  6,  a  coal  of  low 
fluidity,  likewise  reduced  the  expansion  pressure, 
in  this  ca.se  to  2.6  psi. 
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TABLE  X 

EXPANSION  PRESSURES  OF  BLENDED  COALS  IN  BUREAU  OF  MINES  SLOT  OVEN 


Co«l 

M.i  COAL  AND 

No  »ROPO«TtON  IN  MIX 


b72A 

20*/. 

low  K.tt.nninq 

80*,. 

Thick  Fr*«port  ( 1  |l.  ] 

77C 

20% 

FoC4lhonf#i  No.  3 

B0% 

Thick  Fr««port 

73A 

20% 

Hortlhorn* 

80% 

McAt*tt*r 

71B 

30% 

H«rKhorn» 

70% 

Me  Al«5t«r 

XP56A 

20% 

Pocahont«»  No.  3 

80*. 

Pittiburqh 

<>0B 

30% 

B«ckUy 

70% 

PitUburqh 

76A 

20% 

Poc«hont«5  No  3 

80% 

H«i«rd  No.  4 

76B 

30% 

Poc«hont«i  No  3 

30% 

H«x«rd  No  4 

81  A 

20% 

Poc«hont«(  Nc  3 

807. 

Powotifon 

82D 

307. 

PocohontAt  No  3 

70% 

E«qt»  and  Powallton 

86B 

(30% 

Pocahon*a»  No.  3l 

aB6B 

\30% 

Elkhorn  No.  3  ( 

87A 

207. 

Hill 

807. 

PiMiburqh 

J27A 

207. 

Poc«honta5  No.  3 

807. 

Uppar  Elkhorn  No.  3 

322B 

30*. 

Pocahontai  No.  3 

70“-. 

Uppar  Eikhorn  No.  3 

d37IA 

17  5* 

,  lowar  KiNanninq 

02  5%  TKick  Fr«»port 


IlENDED  coals 

1 

c  * 

o 

1 

1  ' 
2 

as  . 

«a  a 

a 

IS 

51  5 

26 

9  4 

2  1 

48  8 

(26) 

(2.7) 

1  4 

50.8 

3  5 

6  2 

1 1 

50  3 

3  3 

6  7 

1  s 

49  8 

2.5 

8.1 

3  4 

49  9 

1.7 

6  3 

0  7 

47  9 

3.3 

5.1 

1.0 

48  6 

3  2 

5.1 

2  2 

50.7 

2.0 

3.8 

1.5 

49  0 

1.9 

(58) 

12 

47  7 

(28) 

(45) 

0  7 

48  8 

(2.8) 

(4.5) 

1.7 

50  7 

1  8 

6.5 

0.5 

49  8 

3  9 

5.8 

05 

50.1 

3.7 

59 

1  5 

49  7 

3  3 

8.8 

19 

50.9 

3  4 

8  8 

serarate  coals 


1 

if 

3^ 

1  1 
^  1  ► 

•  • 

o  • 

<1 

it 

S  £ 

SZif 

o  I  .'? 

■ZTI 

°3ir 

•  3 

_ 

— 

_ 

TP  655 

12 

37  4 

- 

0.6 

18  2 

1.26 

'•  655 

1.5 

37.9 

2  48 

.7 

14  8 

•30 

677 

2  7 

376 

.18 

7 

14  8 

-.30 

"  671 

2.7 

37.6 

.18 

.6 

18.2 

1.26 

Rl  4285 

(1.0) 

(38.5) 

(2.99) 

.5 

199 

2.10 

1C  7417 

1.0 

38  5 

2.99 

.5 

16.7 

.43 

TP  672 

2  4 

39.0 

1  03 

.5 

16.7 

.43 

"  672 

2.4 

390 

1.03 

.5 

16.7 

43 

'•  683 

1.0 

33.3 

3.80 

.5 

16.7 

.43 

Rl  4285 

l.l 

34.1 

3.73 

.5 

16.7 

43 

TP  697 

1.8 

(40.3) 

2  62 

■■  697 

.9 

22.8 

1.86 

703 

l.l 

38  3 

2.99 

.5 

16  7 

.43 

1C  7518 

3.2 

40.8 

(2.62) 

.5 

16  7 

.43 

"  7518 

3.2 

40  8 

(2  62) 

.4 

17  4 

.60 

7565 

14 

38  5 

3.46  3.74 

'•  7565 
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DEFINITIONS  AND  ABBREVIATIONS 


Since  no  strict  nonienclatun-  has  heen  estab¬ 
lished  in  this  tieUl  of  investigation,  liefinitions  of 
terms  will  he  helpful.  These  detinitions  are  not 
intended  tti  he  comprehensive,  hut  indicate  the 
meanings  in  which  the  terms  were  used  in  this 
re|Mirt : 

Coke:  th»-  coherent,  cellular  n-sidue  from  the  de- 
structiv«‘  distillatii>n  of  certain  hituminous  coals 
(as  defined  hv  Kos»‘"'"*). 

Kxpansion  Pressure:  the  force  (pressure  i)er  unit 
area)  ex»-rted  hy  a  charge  duriiiK  carhonization. 
This  pressure  is  usually  measured  in  a  slot-tyin*. 
two-wall-heated  oven. 

\  olume  Kxpansion  (1. inear  or  Percenta^re  Kxpan- 
sion.  Final  Contraction):  the  volume  change  oc¬ 
curring'  during'  carhonization.  usually  expres.s»-d 
as  a  iHTceiitajrr  f'f  the  charjre  dimension  iM“r|>en- 
dicular  to  the  heatinjf  surface.  This  expansion  i.s 
ordinarily  measured  in  a  sole-heated  o\en  under 
the  load  of  a  movable  piston  on  the  side  opposite 
the  heatitijr  surface. 

Coal  Rank:  the  basis  of  the  ASTM  Classification 
of  Coals  hy  Rank"’  is  the  proximate  analysis  and 
heatinjf  value,  ('onden.sed  siaxifications  are  as 
follows  (all  on  the  mineral-matter  free  basis) : 


Coal  Class  and  G^oup 

Dry  Fiiad  Carbon. 

Moist  Btu 

1  Anthracitic 

86%  or  mora 

II  Bituminous 

1.  Low  volatila 

78  86 

2.  Madium  volatila 

69  78 

3.  High  volatile  A 

lass  than  69% 

14.000  or  mora 

4.  High  volatila  B 

lass  than  69% 

13.000-14  000 

5.  High  volatila  C 

lass  than  69% 

M  000-13.000 

III  Sub-bituminous 

lass  than  69®/, 

8.300  11.000 

IV  Lignitic 

lass  than  69y, 

lass  than  8.300 

Free  SwellinK:  volume  expansion  with  no  load  on 
the  charge. 

I’laslirity :  that  pro|H*rty  of  a  Ixtdy  by  virtue  of 
which  it  teiuls  to  retain  its  deformation  after 
reduction  of  the  deforminK  stress  to  its  yield 
stress.-" 

Fluidity:  plasticity  as  measured  hy  torsional  tes*s. 
In  the  ca.se  of  the  (lieseler  apparatus,  fluidity  is 
expres.sed  in  dial  divisions  lu-r  minute. 

Permeahilily :  the  relationshi|>  la-tween  the  pres¬ 
sure-drop  and  the  resultin^r  rate  of  flow  of  ^'as 
throu^rh  a  plastic  medium. 

Total  Moisture:  water  as  det»-rmined  by  tlryinjr 
at  1(I5  C.  For  samples  from  freshly-exiK>sed  mine 
faces,  this  figure  a|i|)roximates  the  he<i  moistuia-. 

.\ir-l)ry  Moisture:  water  retained  by  the  air-<lried 
.sample.  If  exi)ressed  as  a  la-rcentajre  of  the  as- 
received  .sample,  the  air-dry  moisture  «-quals  total 
moisture  minus  air-drying  loss. 

ABBREVIATIONS 

.\  Angstrom  unit.  10  "cm. 

daf  dry.  ash-free 

dmmf  dry.  mineral-matter  free 

E'.C.  fixed  carbon 

psi  IMiunds  |R*r  square  inch 

pcf  imunds  jK*r  cubic  foot 

r  correlation  c<M-flicient  (1.0  perfect  cor¬ 

relation.  0  =  no  correlation) 
volatile  matter 


V.M. 
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